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GENETIC DEMONSTRATION OF REQUIREMENT FOR 
wrryg 1. NKX2.2 AND WKX6 . 2 IN VENTRA I. NETTRON GENERATION 

This application is a continuation-in-part of U.S. Serial 
No. 09/654,462, filed September 1, 2000, which is a 
continuation-in-part of U.S. Serial No. 09/569,259, filed 
May 11, 2 000, the contents of which are hereby incorporated 
5 by reference into the present application. 

Throughout this application, various 'references are 
referred to within parentheses. Disclqsures of these 
publ icat ions in their entireties are hereby^ incorporated by 
10 reference into this application to more fully describe the 
state of the art to which this invention pertains. Full 
bibliographic citation for these references may be found at 
the end of this application, preceding the claims. 

15 Ra^CKGROTTWrt OF T WTT T^fVENTION 

During the development of the embryonic central nervous 
system (CNS) the mechanisms that specify regional identity 
and neuronal fate are intimately linked (Anderson et al . 
1997; Lumsden and Krumlauf 1996; Rubenstein et .al . 1998). 

2 0 In the ventral half of the CNS, for example, the secreted 
factor sonic hedgehog (Shh) has a fundamental role in 
controlling both regional pattern and neuronal fate (Tanabe 
and Jessell 1996; Ericson et al . 19976; Hammerschmidth et 
al. 1997)- Shh appears to function as a gradient signal. 

25 in the spinal cord, five distinct classes of neurons can be 
generated in vitro in response to two- to threefold changes 
in the concentration of Shh, and the position at which each 
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neuronal class is generated in vivo is predicted by the 
' concentration required for their induction in vivo (Ericson 
et al. 1997a; Briscoe et al . 2000). Thus, neurons 
generated in more ventral regions of the neural t\ibe 
5 require progressively higher concentrations of Shh for 
their induction. 

The genetic programs activated in neural progenitor cells 
in response to Shh signaling, however, remain incompletely 
10 defined. Emerging evidence suggests that homeobox genes 
function as critical intermediaries in the neural response 
to Shh signals (Lumsden and Krumlauf 1996; Tanabe and 
Jessell 1996; Ericson et al . 1997; Hammerschmidt et al , 



~ 1997 7 Riobenstein et al . 1998). Several homeobox genes are 

15 expressed by ventral progenitor cells, and their expression 
is regulated by Shh. Gain-of -function studies on homeobox 
gene action in the chick neural tube have provided evidence 
that homeodomain proteins are critical for the 
interpretation of graded Shh signaling and that they 
2 0 function to delineate progenitor domains and control 
neuronal subtype identity (Briscoe et al . 2 000) . 
Consistent with these findings, the pattern of generation 
of neuronal subtypes in the basal telencephalon and in the 
ventral -most region of the spinal cord is perturbed in mice 
25 carrying mutations in certain Shh-regulated homeobox genes 
(Ericson et al . 1997; Sussel et al . 1999; Pierani et al . , 
unpiiblished) . 



30 



Members of the Nkx class of homeobox genes are expressed by 
progenitor cells along the entire rostro-caudal axis of the 
ventral neural tube, and their expression is dependent on 
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Shh signaling (Riibenstein and Beachy 1998) . Mutation in 
the NkK2 , 1 or,NJcx2.2 genes leads to defects in ventral 
neural, pattering (Briscoe et al . 1999; Sussel et al . 1999), 
raising the possibility that Nkx genes play a key role in 
5 the control of ventral pattering in the ventral region of 
theCNS. Genetic studies to assess the role of Nkx genes 
have, however, focused on only the most ventral region of 
the neural tube. A recently identified Nkx g&ne , Nkx6 . 1 , . 
is expressed more widely by most progenitor cells within 

10 the ventral neural tube (Pabst et al . 1998; Qiu et al . 
1998; Briscoe et al . 1999), suggesting tha|t it may have a 
prominent role in ventral neural pattjeming. Here 
experiments show that in mouse embryos Nkjc6 . 1 is expressed 
by ventral progenitors that give rise to motor (MN) , V2 , 

15 and V3 neurons. Mice carrying a null mutation of Nkx6 . 1 
exhibit a ventral -to-dorsal switch in the identity of 
progenitor cells and a corresponding switch in the identity 
of the neuronal subtype that emerges from the ventral 
neural tube. The generation of MN and V2 neurons is 

2 0 markedly reduced, and there is a ventral expansion in the 
generation of a more dorsal VI neuronal subtype. Together, 
these findings indicate that Nkxe.l has a critical role in 
the specification of MN and V2 neuron subtype identity and, 
more generally, that Nkx genes play a role in the 

25 interpretation of graded Shh signaling. 
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STJMMa.RY OF THE INVENTION 

This invention pi-ovides a method of converting a stem cell 
into a ventral neuron which comprises introducing into the 
5 stem cell a nucleic acid which expresses homeodomain 
transcription factor Nkx6 . 1 protein in the stem cell so as 
to thereby convert the stem cell into the ventral neuron. 

This invention also provides a method of diagnosing a motor 
10 neuron degenerative disease in a siibject which comprises: 
a) obtaining a nucleic acid sample from the subject; b) 
sequencing the nucleic acid sample; and c) comparing the 
nucleic acid sequence of step (b) with a N)cx6 . 1 nucleic 
" acid' sequence' ^Irom^' a~ subject without motor neuron 
15 degenerative disease, wherein a difference in the nucleic 
acid sequence of step (b) from the Nkx6 . 1 nucleic acid 
sequence from the subject without motor neuron degenerative 
disease indicates that the subject has the motor neuron 
degenerative disease. 

20 

This invention provides a method of diagnosing a motor 
neuron degenerative disease in a subject which comprises : 
a) obtaining a nucleic acid sample from the sxibject; b) 
performing a restriction digest of the nucleic acid sample 

25 with a panel of restriction enzymes; c) separating the 
resulting nucleic acid fragments by size fractionation; d) 
hybridizing the resulting separated nucleic acid fragments 
with a nucleic acid probe (s) of at least 15 nucleotide 
capable of specifically hybridizing with a unique sequence 

3 0 included within the sequence of a nucleic acid molecule 
encoding a human Nkx6 . 1 protein, wherein the sequence of 
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the nucleic acid probe is labeled with a detectable marker, 
and hybridization of the nucleic acid probe (s) with the 

■v. 

separated nucleic acid fragments results in labeled probe - 
fragment bands; e) detecting labeled probe- fragment bands, 
wherein the labeled probe -fragment bands have a band 
pattern specific to the nucleic acid of the subject; and f) 
comparing the band pattern of the detected labeled probe - 
fragment bands of step (d) with a previously determined 
control sample, wherein the control sample has a unique 
band pattern specific to the nucleic acid of a subject 
having the motor neuron degenerative djisease, wherein 
identity of the band pattern of the detected labeled probe- 
fragment bands of step (d) to the control sample indicate^ 
"that^the subject has the motor neuron degenerative disease. 



This invention provides a method of treating neuronal 
degeneration in a subject which comprises implanting in 
diseased neural tissue of the subject a neural stem cell 
which comprises an isolated nucleic acid molecule which is 
capable of expressing homeodomain Nkx6 . 1 protein under 
conditions such that the stem cell is converted into a 
motor neuron after implantation, thereby treating neuronal 
degeneration in the subject. 

25 This invention provides a method of converting a stem cell 
into a ventral neuron which comprises introducing into the 
stem cell a nucleic acid which expresses homeodomain 
transcription factor Nkx6 . 2 protein in the stem cell so as 
to thereby convert the stem cell into the ventral neuron. 



This invention provides a method of converting a stem cell 
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into a ventral neuron which comprises introducing into the 
stem cell a polypeptide which expresses homeodomain 
transcription factor Nkx6 . 1 in the stem cell so as to 
thereby convert the stem cell into the ventral neuron. 

5 

This invention provides a method of converting a stem cell 
into a ventral neuron which comprises introducing into the 
stem cell a polypeptide which expresses homeodomain 
transcription factor Nkx6 , 2 in the stem cell so as to 
10 thereby convert the stem cell into the ventral neuron. 

I 

This invention provides a method of| diagnosing a 
neurodegenerative disease in a subject which comprises: a) 

"~^"""obt aini ng a suitable sample from thfe subject; b) 

15 extracting nucleic acid from the suitable .sample; c) 
contacting the resulting nucleic acid with a nucleic acid 
probe, which nucleic acid probe (i) is capable of 
hybridizing with the nucleic acid of Nkx6 . 1 or Nkx6 . 2 and 
(ii) is labeled with a detectable marker; d) removing 

20 unbound labeled nucleic acid probe; and e) detecting the 
presence of labeled nucleic acid, wherein the presence of 
labeled nucleic acid indicates that the subject is 
afflicted with a chronic neurodegenerative disease, thereby 
diagnosing a chronic neurodegenerative disease in the 

2 5 subject. 
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BRIEF DESCRIPTION OF THE FIGURES 

Figures lA-lU 

Selective changes in homeobox gene expression in ventral 
progenitor cells in Nkx6 . 1 mutant embryos. (Figs. lA-lC) 
Expression of Nkx6 . 1 in transverse sections of the ventral 
neural tube of mouse embryos E9 . 5 . (Fig. lA) Expression of 
Nkx6.1 is prominent in ventral progenitor cells and 
persists in some post -mitotic motor neurons at both caudal 
hindbrain, E10.5, (Fig. IB) and spinal cord, E12 . 5 , (Fig. 
IC) levels. (Fig. ID, and IE) Summary diagrams showing 
domains of homeobox gene expression in wild- type mouse 
embryos (Fig. ID) and the change in pattern of expression 



these genes Nkx6 . 1 mutants (Fig. IE), based on 

15 analyses at ElO . 0 - E12.5. (Figs. IF-II) Comparison of the 
domains of expression of Nkx6 . 1 (Figs. IF, IJ) Dbx2 (Figs. 
IG, IH, IK, IL) and Gshl (Figs. II, IM) in the caudal 
neural tube of wild- type (Figs. IF-II) and Nkx6 . 1 mutant 
(Figs. IJ-IH) embryos. (Fig. IJ) Horizontal lines, 
2 0 approximate position of dorsoventral boundary of the neural 
tube; vertical lines, expression of Dbx2 and Gshl. 
Expression of Sonic hedgehog, Shh (Figs. IN, IR) , Pax7 
(Figs. IN, IR) , Nkx2.2 (Figs. lO, IS), Pax6 (Figs. IP, IS), 
DJbxl (Figs. IP, IT) and Nkx2 . 9 (Figs. IQ, lU) in wild- type 

2 5 (Figs. IN-IQ) or Nkx6 . 1 mutant (Figs. IR-IU) embryos at 

spinal (Figs IN-IP, IR-IT) and caudal hindbrain levels 
(Figs IQ, lU) . Arrowheads, approximate position of the 
dorsal limit of Nkx6 . 1 expression. Scale bar shown in J= 
lOO/im (Figs. lA-lC); 50/im (Figs. IF-IM) or 60MTn (Figs. IN- 

3 0 lU) . 
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Figure 2A-2T 

Disruption of motor neuron differentiation in Nk?c6 . 1 mutant 
embryos. The relationship between the domain of Nkx6 . 1 
expression (Figs. 2A-2C, green) by ventral progenitors and 
5 the position of generation of ' motor neurons and V2 
interneurons (Figs. 2A-2D) in the ventral spinal cord of 
E10.5 wild-type embryos. (Fig. 2A) lsll/2 motor neurons; 
(Fig. 2B) HB9 motor neurons; (Fig. 2C) Lhx3 .(Lim3) 
expression (red) by motor neurons, V2 interneuroris and 

10 their progenitors is confined to the Nkx:6 , 1 progenitor 
domain. (Fig. 2D) CtoclO (green) V2 interneujrons coexpress 
LhxS (red). Expression of Jsll/2 (Figs.|2E, 21), HB9 
(Figs. 2F, 2J) , Lhx3 (Figs. 2G , 2K) and Pho:K2 a/b (F igs. 2U, 
2L) in the ventral spinal cord (Figs. 2E^ 2F, 2G) and 

15 caudal hindbrain (Fig. 2H) of E10.5 wild-type (Figs. 2E-2H) 
and Nkx6,l mutant (Figs. 2I-2L) embryos. Pattern of 
expression of Xsl2/2 and Lh:>c3 at cervical (Figs. 2M, 2N, 
2Q, 2R) and thoracic (Figs. 20, 2P, 2S, 2T) levels of E12 . 5 
wild-type (Figs. 2M-2P) and Nkx6 . 1 mutant (Figs. 2Q-2T) 

20 embryos. Arrows, position of Isll dorsal D2 interneurons. 

(Figs. lOQ-lOT) Absence, position of Isll/2 dorsal D2 
interneurons. Scale bar shown in I = 60/im (Figs. 2A-2D) ; 
SOfim (Figs. 2E-2L) ; 120/zm (Figs. 2M-2T) . 

2 5 Figures 3A-3J 

Motor neuron siibtype differentiation in Nkx6 . 1 mutant mice. 

Depletion of both median motor column (MMC) and lateral 

motor column (LMC) neurons in Nkx6 . 1 mutant mice. 

Expression of Isll/2 (red) and Lxh3 (green) in E12 . 5 wilt- 
30 type (Figs. 3A, 3C) and NkxS . 1 mutant (Figs. 3B,3D) mice 

spinal cord at forelimb levels (Figs. 3E-3 J) . . Motor neuron 
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generation at caudal hindbrain level (Figs. 3E, 3F) Nloc6 . 1 
expression in progenitor cells and .visceral motor neurons 
in the caudal hindbrain ( rhombomere [r] 7/8) of E10.5-E11 
wild- type (Fig. 3E) NkxG . 1 mutant (Fig. 3F) mice, HB9 
5 expression in hypoglossal motor neurons in E10.5-E11 wild- 
type mice (Fig. 3G) and Nkx6 . 1 mutant (Fig. 3H) mice. 
Coexpression of Isll (green) and Phox2a/h (red) in wild- 
type (Fig. 31) or Nkx6 , 1 mutant (Fig. 3 J) mice. (h) 
hypoglossal motor neurons; (v) visceral vagal motor 
10 neurons. Scale bar shown in C = 50/xm (Figs. 3A-3D) or 70/xm 
(Figs . 3E-3J) . 

Figures 4A-4Ij 1. 

A switch in ventral interneuron fates in. NJckS . 1 muta.nt 
15 mice. CJhoclO expression • in V2 neurons at rostral cervical 
levels of E10.5 wild- type (Fig. 4A) and NJckS . 1 mutant (Fig. 
4B) embryos. Enl expression by VI neurons at rostral 
cervical levels of wild- type (Fig. 4C) and Nkjc6 . 1 mutant 
(Fig. 4D) embryos. Pax2 expression in a set of interneurons 
20 that includes VI neurons ( (Burrill et al . 1997) at caudal 
hindbrain levels of wild-type (Fig. 4E) and Nkx6 , 1 mutant 
(Fig. 4F) embryos. (Figs. 4G and 4H) Siml expression by V3 
neurons in the cervical spinal cord of wild- type (Fig. 4G) 
and Nkx6.1 mutant (Fig. 4H) embryos. Evxl expression by VO 
25 neurons at caudal hindbrain levels of wild-type (Fig. 41) 
and Nkx6.1 mutant (Fig. 4 J) embryos. Enl (red) and Lhjc3 
(green) expression by separate cell populations in the 
ventral spinal cord of Ell wild-type (Fig. 4K) and NkjcG . 1 
mutant (Fig. 4L) embryos. Scale bar shown in B = 60^^ 
30 (Figs. 4A-4D) ; 75^^ (Figs.- 4E, 4F) ; 70/im (Figs. 4G, 4 J, 4H, 
4J) , 35/zm (Figs. 4K and 4L) . 
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Figure 5A-5B 

Changes in progenitor domain identity and neuronal fate in 
the spinal cord of Nkx6.1 mutant embryos. (Fig. 5A) . In 
wild- type mouse embryos, cells in the N]oc6 . 1 progenitor 
5 domain give rise to three classes of ventral neurons : V2 
neurons, motor neurons (MN) and V3 neurons. V3 neurons 
derive from cells in the ventral most region of NkxS . 1 
expression that also express Nkx2,2 and Nkx,2 , 9 . VI neurons 
derive from progenitor cells that express D]dx:2 but not 

10 Nkx6 , 1 . (Fig. 5B) . In Nkxe , 1 mutant embryos the domain of 
Dbx2 expression by progenitor cells expand^ ventrally, and 
by embyonic day 12 [E12] occupies the entij.re dorsoventral 
extent of the ventral neural tiib,e, excluding the floor 
[ plate . ^Checked area indicates the gradual onset of ventral 

15 Dhx2 expression. This ventral shift in Dhx2 expression is 
associated with a marked decrease in the generation of V2 
neurons and motor neurons and a ventral expansion in the 
domain of generation of VI neurons. A virtually complete 
loss of MN and V2 neurons is observed at cervical levels of 

2 0 the spinal cord. The generation of V3 neurons (and cranial 
visceral motor neurons at hindbrain levels) is -unaffected 
by the loss of NkxS.l or by the ectopic expression of Db:K2 . 

Figure 6 

2 5 Human Homeobox Protein Nkx6 . 1 . NCBI Accession No. P7 842 6. 

(Inoue, H. et al . , "Isolation, characterization, and 
chromosomal mapping of the human Nkx6 . 1 gene (NKX6a) , a new 
pancreatic islet homeobox gene" Genomics 40 (2 ): 367-370 , 
1997) . Amino acid sequence of human homeobox protein 

3 0 Nkx6 , 1 . 
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Figure 7 

Human NK Homeobox Protein (Nkx6.1) gene, exon 1. NCBI 
Accession No. U66797. Segment 1 of 3 (Inoue, H. et al . , 
"Isolation, character-ization, and chromosomal mapping of 
5 the human Nkx6 . 1 gene (NKXGa) , a new pancreatic islet 
homeobox gene" Genomics 40 (2) : 367-370 , 1997). Nucleic acid 
sequence encoding human homeobox protein Nkx6.1, bases 1- 
682. 



10 Figure 8 

, Human NK Homeobox Protein (Nkx6.1) gene, exon 2. NCBI 
Accession No. U66798. Segment 2 of 3 (Inoue, H. et al . , • 
" I sol at ion , character - i zat ion , and_ch romo somal m apping _ojE_ 
the human Nkx6 . 1 gene (NKX6a) , a new pancreatic islet 
15 homeobox gene" Genomics '40 (2) :367-370, 1997) . Nucleic acid 
sequence encoding human homeobox protein Nkx6 . 1 , bases 1- 
185 . 

Figure 9 

2 0 Human NK Homeobox Protein (Nkx6.1) gene, exon 3 and 
complete cds . NCBX Accession No. U66799. Segment 3 . of 3 
(Inoue, H. et al . , "Isolation, character-ization, and 
chromosomal mapping of the human Nkx6 . 1 gene (NKX6a) , a new 
pancreatic islet homeobox gene" Genomics 40 (2 ): 367-370 , 

25 1997) . Nucleic acid sequence encoding human homeobox 
protein Nkx6 /l , bases 1-273. Protein encoded is shown in 
Fig. 7, 
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Figure 10 

Expression of Nkx6.2 and Nkx6 . 1 in developing mouse and 
chick spinal cord. (A) At e8.5, Nkx6 . 2 and Nkx6 . 1 are 
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expressed in a broad ventral domain of the mouse neural 
tube. (B) At eS.O, Nkx6.2 expression is largely confined to 
a narrow domain immediately dorsal to the domain of Nkx6 . 1 
expression. A few scattered cells that co-express Nkx6 . 2 
5 and Nkx6 . 1 are detected in more ventral positions at this 
stage. (C) At e9-5, Nkx6 . 2 is expressed in a narrow domain, 
dorsal to the Nkx6 . 1 boundary. (D-G) Comparative patterns 
of expression of Nkx6 . 2 , Nkx6.1, Dbx2 , Dbxl and Pax7 in the 
intermediate region of elO.5 mouse spinal cord. ^ (H-L) 
10 Expression pattern of Nkx6,2, NkDc6 . 1 , Dhx2 , Dh:Kl and Pax7 
in HH stage 2 0 chick spinal cord. Panels on ijright indicate 
progenitor domains, defined according to Brjiscoe et al . , 
2000. 

15 Figure 11 

Elevation in Nkx6,2 and Dbx2 expression in pi domain cells 
in Nkx6,2 mouse mutants. (A) Diagram of the targeting 
construct (i) used to replace the coding sequence of Nkx6 . 2 
(ii) with a tau-lacZ PGK-neo cassette (iii) . Red bar 

20 indicates region used as probe in genotyping. (B-D) Sagital 
view of elO.5 spinal cord showing LacZ expression, detected 
by x-gal staining, in wild type (wt) (B) Nkx^ . 2-^/"^ (C) and 
NkxiS . 2^''^^^ (D) embryos. (E-G) Nkx6 . 2 and LacZ expression in 
the pi domain of wt. (E) , Nkx5.2*/"=^ (F) , and NJocS . 2'^^"/"= (G) 

25 embryos at elO.5. (H-J) In situ hybridization with a 5'-UTR 
probe shows that expression of Nkx6 . 2 is elevated in the pi 
domain of Nkx6.2"^/^^ embryos (J), compared with wt (H) or 
NkJcS , 2*^^^"^ (I) embryos. (K-M) Expression of Dbx2 is up 
regulated -2- fold in cells within the pi domain (yellow 

3 0 bracket) in iSJ-Jcxe^ . 2*^^=^"^ embryos (M) , compared with wt (K) , 
or Nkx^.2*/^^ (L) . embryos. Abbreviations in (A) : H- 
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Hindlll, B= BamHI, N= Ncol , S= SphI , A=AccI . 
Figure 12 

A partial switch from VI to. VO neuronal fate in Nkx6 . 2 
mutant mice. (A-E) Expression of Nkx6 . 2 (A), Nkx6 . 1 (C, D) , 
Dbxl (B, C, E) , and Pax7 (B) appears normal at caudal 
hindbrain levels of elO . 5 Nkx6 . 2*^^^' embryos. The 
expression of Nkx6 . 1 (D) and Dbxl (E) abuts the ventral and 
dorsal boundaries of LacZ expression. (F- J) In elO.5 
NJcx5. 2"^/"=^= embryos, expression of Nkx6 . 1 (H, I) and Pax7 
(G) is unchanged but expression of Dbxi (F, G, H) is 
expanded ventrally into the pi domain. Manyj ventral ectopic 
Dbxl* cells in Nkx6 , 2'^'^'^' embryos_^xpr^ss^^ L,acZ_JJ^^_a^ 



^^1/2* Vo"neii^ons are generated dorsal to Enl* VI neurons 
(K) and I.acZ* cells (M) in Ntoc6.2*/"- embryos. Enl* neurons 
express LacZ in Nkx6 . 2*^^^ (D and (O) embryos. 

(N-P) Evxl/2- VO neurons are generated in increased numbers 
and at ectopic ventral positions in the caudal hindbrain of 
w;cx^-2"-/"- embryos. (N) The number of Enl* Vl neurons is 
reduced and the remaining Enl* neurons are intermingled 
with ectopic Evxl/2* cells. (P) Many Evxl / 2* ■ neurons in 
Nfcx6.2"-/=^-' embryos co-express LacZ. (Q) Quantitation of 
Evxl/2* VO, and Enl* VI, neurons at the caudal hindbrain of 
Nkx5.2*/"- and Nkx6 . 2-^'^^' embryos at elO.5. Counts from. 12 
sections, mean + S.D. In panels (A-P) , the white arrowhead 
indicates the pO/pl boundary. 



Figure 13 

Deregulated expression of Nkx6 . 2 in Wkx6.1 mutant mice, and 
30 . similar patterning activities of Nkx6 proteins in chick 
neural tube. (A) In elO.5 wt embryos, Nkx6 . 2 expression is 
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confined to the pi progenitor domain. (B) In Nkx6 . 1*^- 
embryos, scattered Nkx6.2* cells are detected , in the p2 , 
pMN and p3 domains. (C) In Nkx6 . l-^-embryos , Nkx6 . 2 is 
expressed in most progenitors in the p2 , pMN and p3 
5 domains. (D-F) Misexpression of Nkx6.2 at high levels 
represses the expression of Dbxl (D) and Dbx2 (E) , but not 
Pax7 (F) . (G-P) Expression of Nkx6 . 2 in dorsal positions of 
the chick neural tube result in ectopic dorsal generation 
of motor neurons, as indicated by ectopic induction of Lim3 
10 and HB9 expression (G-I, L-N) . Forced expression of Nkx6 . 2 
at high levels in the pO and pi progenitor domains promotes 
the ectopic generation of ChxlO* V2 neurons (J, K, O, P) 
and suppresses Evxl/2* VO (K, P) a nd Enl - VI (J , O) neurons. 



15 Figure 14 

The deregulated expression of Nkx6.2 underlies motor neuron 
generation in Nkx6 . 1 mutants. (A) In elO.5 wt embryos, 
Nkx6.2 expression is confined to the pi domain and Nkx6 . 1 
is expressed in the p2 , pMN and p3 domains. (B) No change 
20 in the expression, of Nkx6 . 1 is detected in Nkx6 . 2 

embryos. (C, D) In Nkx6.1'^- and Nkx6 . l'^' ; Nkx6.2*^-'^ 
embryos, Nkx6 . 2 expression is derepressed in the p2 , pMN 
and p3 domains. (E) No expression of Nkx6 . 2 or Nkx6 . 1 
protein is detected in Wkx^.l"/"; NJcx6.2"-/"- embryos. (F, G) 
25 HB9\ Isll/2.* motor neurons are generated in normal numbers 
in Wkx6.2"=/"^ embryos. The number of motor neurons is 
reduced by -60% in Nkx6 . l'^' embryos (H) , by -80% in Nkx6 . l' 
y-;Nkx6.2*^^' embryos (I) and by >90% in Nkx6 . r^- ;Nkx6 . 2^-^^'^ 
at cervical levels of elO.5 spinal cord (J). (K-M) At el2, 
the number of motor neurons of medial (MMC) (Isll', LimS*) 
and lateral (IMC) (Isll*) siabtype identity is reduced in 
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similar proportions in Nkx6 . 1'^^' and Nkx6 , 1'^'; Nkx6 . 2 ^^^^^^^ 
embryos. LimS" V2 neurons are missing in Nkx6 . l'^- embryos 
and Nkx6.1'^'} Nkx6 . 2^^^^^"^ embryos at this stage. (N-P) 
Quantitation of HB9* and Isll/2'' motor neurons at cervical 
5 and lumbar -levels in wt, NkjcS . 2 and Nkx6 . 1 single mutants 
and in NJocS . 2 ; Nkx6 . 1 compound mutants at elO and el2 . 
Counts from 12 sections, mean + S.D. 

Figure 15 

10 Changes in class I protein expression and ventral . 
intemeurbn generation in NkxS mutants. *(A-|e) Expression of 
NkxG . 1 and Nkx6 . 2 in the spinal cord inj different NJcxS 
mutant backgrounds at elO.5. (F-J) Spatial patterns of Pax7 
and~~Dbx2 expression in different Nkx6 mutant backgroiinds . 

15 Note that the level of Dbx2 expression in the pMN domain of 
NkxS.l-/"; Nkx6 . 2'*-/^^^ is very loW, implying the existence of 
a pMN domain restricted gene that has the capacity to 
repress Dbx2 expression. Recent studies have provided 
evidence that the bHIiH protein Olig2 possesses these 

20. properties (Novitch et al . , 2001), 

(K-0) Spatial patterns of expression of Pax7 and Dbxl in 
different NfcKr^'mutant backgi^ounds . . (P-T) Spatial patterns 
of generation of Evxl/2* VO neurons and Enl"' VI neurons in 
different Nkx6 mutant backgrounds. (Q) The generation of VO 

25 neurons expands ventrally into the pi domain in Nkx6 . 2^^^^^"" 
mutants at caudal spinal levels. (R, A") The number of Enl-' 
VI neurons increases -3 -fold in the ventral spinal cord of 
iVkx^. I -/-mutants, and ectopic Evxl/2-^ cells are detected in 
position of the pMN domain in these mice (see also Sander 

30 et al . , 2000) . (S, T A") There is a progressive increase 
in Evxl/2* VO neurons and a loss of Enl"^ VI neurons in the 
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ventral spinal cord of Nkx6 . 1-"^- ;NJck6 . 2 and Nkx6 . 1 

*' /2\73cx^. 2*^^/*=^^ embiryos. (U,V,Z) The generation of Evxl/2*- VO 
neurons correlates- with the pattern of expression of Dbxl 
in progenitors in. wt, i\Hcx^. 2*=^^^"= and Nkx6 . 1'^' ;Nkx6 . 2^^^^^"" 
5 mutant backgrounds. Note that only the most lateral 
progenitor cells express Dbxl in Nkx6.1"^~; NJcx6 . 2*^^="/*^^^ 
embryos, suggesting that expression of Dbxl in more 
medially-positioned progenitors is repressed by an as yet 
undefined gene. (X, Y) Ectopic ventral Evxl* VO neurons 

10 derive from Dbxl~ progenitors in NkxS.l'^' and Nkx6 . 1'^' 
;Nkx6 . 2'^^^^ mutant embryos. ChxlO* V2 neurons are generated 
at normal numbers in Nkx6 , 2^^^^^^^^ mutants, but are missing 
at spinal cord levels in Nkx6 . 1'^- , Nkx6 . 1'^' ;Nkx6 . 2*^^^ and 
~~~NK5c6 . I'^^^/NJckS ,^2^/*^^^ mutants (A" ; Figure 5 , see Sander et 

15 al . , 2000) . ■ 

Figure 16 

Dissociation of Dbx expression and VO neuronal fate in mice 
with reduced Nkx6 protein activity. (A) In elO.O wt 
2 0 embryos, pO progenitor cells express Dbxl and generate 
Evxl/2* VO neurons. (B) In elO . 0 Nkx6 . l'""' ;Nkx6, 2*^^"" 
embryos there is no change in the domain of expression of 
Dbxl, but Evxl/2'' VO neurons are generated in lateral 
positions, along much of the ventral neural tube. (C, D) In 

2 5 Nkx6 . 1~/- ; Nkx6 . 2*^^^^ embryos examined at elO . 0 many ectopic 

ventx-al Evxl/2* neurons express LacZ . Framed area in (C) is 
shown at high magnification in (D) and indicates Evxl/2"' 
neurons that coexpress LacZ. (E) Evxl/2-' neurons located at 
the level of the pMN domain (bracket) derive from 

3 0 progenitors that express low or negligible levels of DJbx2 

mRNA. (F) Summary of Dbxl expression and VO neuron 
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generation in urt, Nk^cG .1'^' ;Nkjc6 . 2 "/'^and NkxS , 1 
/Nkx6 . 2^^""^^^^ en±)ryos. The dissociation of Dbxl and Evxl/2 
expression in Nkx6 , l'^' ;Nkx6 . 2*^^^^ emboryo suggests that 
reduced Nkx6 repressor activity is sufficient to repress 
5 Dbxl but insufficient to repress Evxl expression. 

Figure 17 

Genetic interactions between Nkx6 and Dbx proteins during 
the assignment of motor neuron and interneuron fate in the 
10 mouse neural tube. (A) Summary of domains of expression of. 
Nkx6.1 (6.1), Nkx6.2 (6.2), Dbxl (Dl) and lj)bx2 (D2) in the 
ventral neural tube of wild type (wt) anc^ different Nk:>c6 

mutant embryos. (B) Regulatory inte.ractions between Nkx and 

J - — 1 — - — - — 

Dbx proteins in the ventral neural ' tube. These 

15 interactions result in different levels of Nkx6 protein 

activity in distinct ventral progenitor domains, and thus 

promote the generation of distinct neuronal subtypes. For 

details see text. 

20 F-iaur-e 18 

Human NK Homeobox Protein (Nkx6.2) gene, complete cds . NCBI 
Accession No. AF184215. 



2 5 F-iaure 19 

Human Homeobox Protein Nkx6 . 2 . NCBI Accession No, AAK13251. 
Amino acid sequence of human homeobox protein Nkx6 . 2 . 

F-iaure 2 0 

30 Comparison of Amino Acid Sequences of Nkx6 , 2 Protein of 
Various Species with Other Nkx Protein Sequences. mNk6 . 3 = 
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mouse amino acid sequence of NkxS.S protein; rNkx6 . 1 = rat 
'amino acid sequence of Nkx6 . 1 protein; mNkx6.2 = mouse 
amino acid sequence- of Nkx6 . 2 protein; and cNkx6.2 = chick 
amino acid sequence of Nkx6 . 2 pr-otein. 
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DETAILED DESCRIPTION OF THE I3SIVENTION 

As used herein, the following standard abbreviations are 
used throughout the specification to indicate specific 
amino acids: 

5 

A=ala=alanine R=arg=arginine 

N=asn=asparagine D=asp=aspartic acid 

C=cys=cysteine Q=gln=glutaTnine 

E=glu=glutamic acid G=gly=glycine 
10 H=his=histidine I=ile=isoleucine 

L=leu=leucine K=lys=lysine | 

M=met=methionine F=phe=phenylalan:^ne 

P=pro=proline S = ser=serp.ne 

' " T=thr=threonine W=trp=tryptophan ' 

15 Y=tyr= tyrosine V=val=valine 

B=asx=asparagine or aspartic acid 

Z=glx=glutamine or glutamic acid 

As used herein, the following standard abbreviations are 
2 0 used throughout the specification to indicate specific 
nucleotides: C=cytosine; A=:adenosine ; ^ T=thymidine; 
G=guanosine; and U=uracil . 

This invention provides a method of converting a stem cell 
25 into a ventral neuron which comprises introducing into the 
stem cell a nucleic acid which expresses homeodomain 
transcription factor Nkx6 . 1 protein in the stem cell so as 
to thereby convert the stem cell into the ventral neuron. 
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In an embodiment of the above-described method of 
converting a stem cell into a ventral neuron, the- nucleic 
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acid introduced into the stem cell incorporates into the 
chromosomal DNA of the stem cell . In a further, embodiment 
of the method, the nucleic acid is introduced by 
transfection or transduction. In another further 

5 embodiment of the method, the ventral neuron is a motor 
neuron, a V2 neuron or a V3 neuron. 

As used herein, the term "nucleic acid" refers to either 
DNA or RNA, including complementary DNA (cDNA) , genomic DNA 

10 and messenger RNA (mRNA) . As used herein, "genomic" means 
both coding and non-coding regions of the isolated nucleic 
acid molecule . "Nucleic acid sequence" refers to a single- 
or double -stranded polymer of deoxyribonucleotide or 
ribonucleotide bases read from the 5» to the 3' end. It 

15 includes both replicating vectors, infectious polymers of 
DNA or RNA and nonfunctional DNA or RNA. 

The nucleic acids of the subject invention also include 
nucleic acids coding for polypeptide analogs, fragments or 

2 0 derivatives which differ from the naturally -occurring forms 
in terms of the identity of one or more amino acid residues 
(deletion analogs containing less than all of the specified 
residues; substitution analogs wherein one or more residues 
are replaced by one or more residues; and addition analogs, 

2 5 wherein one or more resides are added to a terminal or 
medial portion of the polypeptide) which share some or all 
of the properties of the naturally-occurring forms. 
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The nucleic acid sequences include both the DNA strand 
sequence that is transcribed into RNA, the complementairy 
DNA strand, and the RNA sequence that is translated into 
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protein. The nucleic acid includes both the full length 
nucleic acid sBquBncQ as well as non-full length sequences. 
It being further understood that the sequence includes the 
degenerate codons of the native sequence or sequences which 
may be introduced to provide codon preference in a specific 
host cell . 

As used herein, "protein", "peptide" and "polypeptide" are 
used to denote two or more amino acids linked by a peptidic 
bond between the a-carboxyl group of one amino acid and the 
a- amino group of the next amino acid. Peptide includes not 
only the full-length protein, but also partial -length, 
fragments. Peptides may be produced by solid-phase 
syntheti^c^methods that are well-known to those skilled in 
the art . In addition to^ the* above set of twenty-two amino 
acids that are used for protein synthesis in vivo, peptides 
may contain additional amino acids, including but not 
limited to hydroxyproline , sarcosine, and y- 
carboxyglutamate . The peptides may contain modifying groups 
0 including but not limited to sulfate and phosphate 
moieties. Peptides can be comprised of L- or D-amino acids, 
which are mirror- image forms with differing optical 
properties. Peptides containing D-amino acids have the 
advantage of being less susceptible to proteolysis in vivo. 

5 

Peptides may by synthesized in monomeric linear form, 
cyclized form or as oligomers such as branched multiple 
antigen peptide (MAP) dendrimers (Tam et al . Biopolymers 
51:311, 1999). Nonlinear peptides may have increased 
0 binding affinity by virtue of their restricted 
conformations and/or oligomeric nature. Peptides may also 
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be produced using recombinant methods as either isolated 
peptides or as. a portion of a larger fusion protein that 
contains additional amino acid sequences. 

5 Peptides may be chemically conjugated to proteins by a 
variety of well-known methods. Such pept ide-protein 
conjugates can be formulated with a suitable adjuvant and 
administered parenterally for the purposes of generating 
polyclonal and monoclonal antibodies to the peptides of 

0 interest. Alternatively, xinconjugated peptides can be 
formulated with adjuvant and administered! , to laboratory 
animals for the purposes of generating anti(bodies. Methods 
for generating and isolating such antibodies are well-known 
to those skilled in the art. 

,5 

The nucleic acids of the subject invention include but are 
not limited to DNA, RNA, mRNA, synthetic DNA, genomic DNA, 
and cDNA. 

>0 The nucleic acid sequence of the Nkx6 . 2 gene for various 
species may be found under the following NCBX Accession 
NOS.: human: AF184215; N55046; N50716N; H49739; H46204; 
H18874; mouse: BB449783; AV331479; BB358883; BB355466; 
Ij08074; and D .melanogaster : AF220236. 

25 

The amino acid sequence of the Nkx6 . 2 protein for various 
species may be found under the following NCBI Accession 
Nos.: AAK13251/ MXKN2 ; MXKNl ; S35304; T28492; AAF33780; 
P01524; P01523; 9GSSB; 17GSB; 1BH5D; 4GSSB; IPGTB; IGSUB; 
3 0 IGNWB; 2GLRB; lAGSB . 
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As used herein, the term "introducing into a cell" includes 
but is not limited to transduction and transf ection . 
Transf ection can' be achieved by calcium phosphate 
co-precipitates, conventional mechanical procedures such as 
5 micro-injection, electroporation, insertion of a plasmid 
encased in liposomes, or virus vectors or any other method 
known to one skilled in the art. This invention provides an 
antibody produced by the above method. 

10 This invention provides a method of diagnosing a motor 
neuron degenerative disease in a subject which comprises: 
a) obtaining a nucleic acid sample from the siibject; b) 
sequencing the nucleic aci d sample; a nd c) comparing the 



25 



^ nucleic~a^d sequence of step (b) with a Nkx6..1 nucleic 
15 acid sequence from a subject without motor neuron 
degenerative disease, wherein a difference in the nucleic 
acid sequence of step (b) from the Nkx6 . 1 nucleic acid 
sequence from the subject without motor neuron degenerative 
disease indicates that the subject has the motor neuron 
20 degenerative disease. 

in an embodiment of the above -described method of 
diagnosing a motor neuron degenerative disease in a subject 
the motor neuron degenerative disease is amyotrophic 
lateral sclerosis or spinal muscular atrophy. 
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AS used herein, the term "sample" includes but is not 
limited to tonsil tissue, lymph nodes, spleen, skin 
lesions, blood, serum, plasma, cerebrospinal fluid, 
lymphocytes, urine, transudates, exudates, bone marrow 
cells, or supernatant from a cell culture. 
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As used herein, "siibject" means any animal or artificially 
modified animal. Artificially modified animals include, but 
are not limited to," SCID mice with human immune systems. 
The subjects include but are. not limited to mice, rats, 
5 dogs, guinea pigs, ferrets, rabbits, chicken and primates. 
In the preferred embodiment, the subject is a human being. 

This invention provides a method of diagnosing, a motor 
neuron degenerative disease in a subject which comprises : 
10 a) obtaining a nucleic acid sample from the subject; b) 
performing a restriction digest of the nuclleic acid sample 
with a panel of restriction enzymes; c) j separating the 
resulting nucleic acid fragments by size fract ionation; d) 
hybridizing the resulting separated nucleic acid fragments 
15 with a nucleic acid probe (s) of at least 15 • nucleotide 
capable of specifically hybridizing with a unique sequence 
included within the sequence of a nucleic acid molecule 
encoding a human Nkx6 . 1 protein, wherein the sequence of 
the nucleic acid probe is labeled with a detectable marker, 
20 and hybridization of the nucleic acid probe (s) with the 
separated nucleic acid fragments results in labeled probe - 
fragment bands; e) detecting labeled probe- fragment bands, 
wherein the labeled probe- fragment bands have a band 
pattern specific to the nucleic acid of the subject; and f) 
25 comparing the band pattern of the detected labeled probe- 
fragment bands of step (d) with a previously determined 
control sample, wherein the control sample has a unique 
band pattern specific to the nucleic acid of a subject 
having the motor neuron degenerative disease, wherein 
3 0 identity of the band pattern of the detected labeled probe- 
fragment bands of step (d) to the control sample indicates 
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that the subject has the motor neuron degenerative disease. 

In an embodiment' of the above-described method of 
diagnosing a motor neuron degenerative disease in a subject 
5 the nucleic acid is DNA. In a further embodiment of the 
above -described method the nucleic acid is RNA. In another 
embodiment the size fractionation in step (c) is effected 
by a polyacryl amide or agarose gel. In another embodiment 
the detectable marker is radioactive isotope, enzyme, dye, 
10 biotin, a fluorescent • label or a chemi luminescent label. 
. In yet another embodiment the motor neuron degenerative 
disease is amyotrophic lateral sclerosis or spinal muscular 
atrophy . . 

15 As used herein, "detectable marker" includes but is not 
limited to a radioactive label, or a calorimetric , a 
luminescent, or a fluorescent marker. As used herein, 
"labels" include radioactive isotopes, fluorescent groups 
and affinity moieties such as biotin that facilitate 

20 detection of the labeled peptide. Other labels and methods 
for attaching labels to compounds are well-known to .those 
skilled in the art. 

The phrase "specifically hybridizing" and the phrase 
25 "selectively hybridizing" describe a nucleic acid that 
hybridizes, duplexes or binds only to a particular target 
DNA or RNA sequence when the target sequences are present 
in a preparation of total cellular DNA or RNA. By 
selectively hybridizing it is meant that a nucleic acid 
3 0 binds to a given target in a manner that is detectable in 
a different manner from non-target sequence under high 
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stringency conditions of hybridization. " Complement airy " , 
"antisense" or "target" nucleic acid sequences refer to 
those nucleic acid sequences which selectively and 
specifically hybridize to a nucleic acid. Proper annealing 
conditions depend, for example, upon a nucleic acid's 
length, base composition, and the number of mismatches and 
their position on the nucleic acid, and must often be 
determined empirically. For discussions of nucleic acid 
design and annealing conditions for hybridization, see, for 
example, Sambrook at al.(l989) Molecular Cloning: A 
Laboratory Manual (2nd ed.), Cold Spring Harltor Laboratory, 
Vols. 1-3 or Ausubel, F., et al . (1987) Current Protocols 
in Molecular Biology. New York. The above hybridizing 
"nucleicT acids may vary in^length. The hybridizing nucleic 
acid length includes but is not limited to a nucleic acid 
of at least 15 nucleotides in. length, of at least 25 
nucleotides in length, or at least 50 nucleotides in 
length . 

This invention provides a method of treating neuronal 
degeneration in a subject which comprises implanting in 
diseased neural tissue of the subject a neural stem cell 
which comprises an isolated nucleic acid molecule which is 
capable of expressing homeodomain Nkx6 . 1 protein under 

2 5 conditions such that the stem cell is converted into a 

motor neuron after implantation, thereby treating neuronal 
degeneration in the subject. 

This invention provides a method of converting a stem cell 

3 0 into a ventral neuron which comprises introducing into the 

stem cell a nucleic acid which expresses homeodomain 
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transcription factor Nkx6.2 protein in the stem cell so as 
to thereby convert the stem cell into the ventral neuron. 

In one embodiment of the above method, the nucleic acid 
introduced into the stem cell incorporates into the 
chromosomal DNA of the stem cell . In another embodiment of 
the above method, the nucleic acid is introduced by 
transfection or transduction. In a further embodiment of 
the above method, the ventral neuron is a motor neuron. 

This invention provides a method of converting a stem cell 
into a ventral neuron which comprises introducing into the 
stem cell a polypeptide which expre sses homeodoma in 
~ transcription factor Nkx6 . 1 in the stem cell , so as to 
15 thereby convert the stem cell into the ventral neuron. In 
one embodiment of the above method, the ventral neuron is 
a motor neuron, a V2 interneuron or a V3 interneuron. 

This invention provides a method of converting a stem cell 
2 0 into a ventral neuron which comprises introducing into the 
stem cell a polypeptide which expresses homeodomain 
transcription factor Nkx6 . 2 in the stem cell so as to 
thereby convert the stem cell into the ventral neuron. In 
one embodiment of the above method, the ventral neuron is 

2 5 a motor neuron. 

This invention provides a method of diagnosing a 

neurodegenerative disease in a s^Jlbject which comprises: a) 

obtaining a suitable sample from the siibject; b) 

3 0 extracting nucleic acid from the suitable sample; c) 

contacting the resulting nucleic acid with a nucleic acid 
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probe, which nucleic acid probe (i) is capable of 
hybridizing with the nucleic acid of Nkx6 . 1 or Nkx6 . 2 and 
(ii) is labeled with a detectable marker; d) removing 
unbound labeled nucleic acid. probe; and e) detecting the 
presence of labeled nucleic acid, wherein the presence of 
labeled nucleic acid indicates that the subject is 
afflicted, with a chronic neurodegenerative disease, thereby 
diagnosing a chronic neurodegenerative disease , . in the 
subject. 

In one embodiment of the above method, the [suitable sample 
is spinal fluid. In another embodiment of tjie above method, 
the "nucleic acid is DNA. In a further embodiment of the 



"above method, the nucleic acid is RNA. 

This invention will be better understood from the 
Experimental Details which follow. However, one skilled in 
the art will readily appreciate that the specific methods 
and results discussed are merely illustrative of the 
invention as described more fully in the claims which 
follow thereafter. 
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FIRST SERIES OF EXPERIMENTS 

EXPERIMENTAL DETAILS 

5 A. Materials and Methods 

Generation of Nkx6 . 1 null mutation 

A null mutation in Nkx6 . 1 was generated by using gene 
targeting in 129-strain ES cells by excising an 800-bp NotI 
10 fragment containing part of exon 1 and replacing it by a 
PGK-neo cassette (Sander and German, unpubl . ) Mutants were 
born at Mendel ian frequency and died soon after birth; they 
exhibited movements only upon tactile sti mulat ion^ 

15 ImmunocY^Q^^^i^^strv and in s itu hybridization 

Localization of mRNA was performed by in situ hybridization 
following the method of Schaeren-Wiemers and Gerfin-Moser 
(1993). The Db:>c2 riboprobe comprised the S' EcoRl fragment 
of the mouse cDNA (Pierani et al . 1999). Probes for other 

20 cDNAs were cited in the text and used as described therein. 
Protein expression was localized by indirect fluorescence 
immunocytochemistry or peroxidase immunocytochemistry 
(Briscoe et al . 1999; Ericson et al . 1997). Nk^e , 1 was 
detected with a rabbit antiserum (Briscoe et al . 1999). 

25 Antisera against Shh, Pax7 , lsll/2, HB9, Lhx3 , ChxlO,. 
Phox2a/b, Enl; and Pax2 have been described (Briscoe et al . 
1999; Ericson et al . 1997), Fluorescence detection was 
carried out using an MRC 1024 Confocal Microscope (BioRad) . 

30 
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B . Results and Discussion 

To define the role of Nkx6 . 1 in neural development, we 
compared patterns of neurogenesis in the embryonic spinal 
5 cord and hindbrain of wild- type mice and mice lacking 
Nkx6.1 (Sander et al . 1998). In wild-type embryos, neural 
expression of Nkx6 . 1 is first detected at spinal cord and 
caudal hindbrain levels at about embryonic day 8.5 (E8 . 5 ; 
Qiu et al . 1998; data not shown), and by E9.5 the gene is 
LO expressed throughout the ventral third of the neural tube 
(Figure lA) . The expression of Nkx6.1 persists until at 
least E12.5 (Figures IB, IC; data not sjhown) . Nkx6 . 1 
expression was also detect ed in me^odermal ^ cells flankin g 
the ventral spinal cord (Figures IB, IC) . To define more 
15 precisely the domain of expression of Nkx6 . 1 , we compared 
its e3<pressions with that of ten homeobox genes - Pax3 , 
PoLXl, Gshl, Gsh2, Irx3, Pax6 , Dbxl, Dhxl, Dbx2 and Nkx2 . 9 
- that have been shown to define discrete progenitor cell 
domains along the dorsoventral axis of the ventral neural 
20 tube (Goulding et al . 1991; Valerius et al . 1995; Ericson 
et al. 1997; Pierani et al . 1999; Briscoe et al. 2000). 



25 
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This analysis revealed that the dorsal boundary of Nkx6 . 1 
expression is positioned ventral to the boundaries of four 
genes expressed by dorsal progenitor cells: Pax3 , Pax7 , 
Gshl and Gsh2 (Figures II, IN; and data not shown). Within 
the ventral neural tube, the dorsal boundary of Nkx6 . 1 
expression is positioned ventral to the domain of Dbxl 
expression and close to the ventral boundary of Dbx2 
expression (Figures . IG, IH, and IP) . The domain of Pax6 
expression extends ventrally into the domain of Nkx6 . 1 
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expression (Figure lO) , whereas the expression of Nkx2 . 2 
and Nkx2 . 9 overlaps with the ventral-most domain of Nkx6 . 1 
expression (Figures lO, IQ) . 

To address the function of Nkx6 . 1 in neural development , ' we 
analyzed progenitor cell identity and the pattern of 
neuronal differentiation in Nkx6 . 1 null mutant mice (Sander 
at al . 1998) . We detected a striking change in the profile 
of expression of three homeobox genes, Dbx2 , Gshl and Gsh2, 
in Nkx6.1 mutants. The domains of expression of Dbx2, Gshl 
and Gsh2 each expanded into the ventral neural tube 
(Figures IK-IM; data not shown). At E10.5, Dhx2 was 
expre s sed at high levels by progenitcjr c^Ag-j^l ^^^"t to_ 



the floor plate, but at this stage ectopic Dhx2 expression 
15 was detected only at low levels in regions of the neural 
tube that generate motor neurons (Figure IK). By E12.5, 
however, the ectopic ventral expression of Dhx2 had become 
more uniform, and now clearly included the region of motor 
neuron and V2 neuron generation (Figure IL) . Similarly, in 
20 Nkx6.1 mutants, both Gshl and Gsh2 were ectopically 
expressed in a ventral domain of the neural tiibe, and also 
in adjacent paraxial mesodermal cells (Figure IM; data not 
shown) . 

25 The ventral limit of Pax6 expression was unaltered in 
Nkx6.1 mutants, although the most ventrally located cells 
within this progenitor domain expressed a higher level of 
Pax6 protein than those in wild-type embryos (Figures lO, 
IS) . We detected no change in the patterns of expression 

30 of Pax3, Pax7, Dhxl, Irx3 . Nkx2 . 2 , or Nkx2 . 9 in Nkx6 . 1 
mutant embryos (Figures IR-IU; data not shown) . 
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Importantly, the level of Shh expression by floor plate 
cells was unaltered in Nkx6,l mutants (Figures IN and IR) . 
Thus, the loss of NIckS . 1 function deregulates the patterns 
of expression of a selected subset of homeobox genes ^ in 
5 ventral progenitor cells, without an obvious effect on Shh 
levels (Figures ID, IE) . The role of Shh in excluding Dhx2 
from the most ventral region of the neural tube (Pierani et 
al. 1999) appears therefore to be mediated through the 
induction of Nkx6 . 1 expression. Consistent with this view, 
10 ectopic expression of Nkx6 , 1 represses DhjK2 expression in 
chick neural tube, (Briscoe et al . 2000). T^e detection of 
sites of ectopic Gshl/2 expression in the paraxial mesoderm 

as well as the ventral neural tube, both sites of NkxS . 1 

~ expression, suggests that Nkjc6.1 has a general role in 
15 restricting Gshl/2 expression. The signals that promote 
ventral Gshl/2 expression in Nkx6 . 1 mutants remain unclear, 
but could involve factors other than Shh that are secreted 
by the notochord (Hebrok et al . 1998) . 

2 0 The domain of expression of Nkx6 , 1 within the ventral 

neural txibe of wild-type embryos encompasses the 
progenitors of three main neuronal classes: V2 
interneurons , motor neurons and V3 interneurons (Goulding 
et al. 1991; Ericson et al . 1997; Qiu et al . 1998; Briscoe 
25 et a, 1999, 2000; Pierani et al - 1999; Figures 2A-2D) . We 
examined whether the generation of any of these neuronal 
classes is impaired in Nfcx^.l mutants, focusing first on 
the generation of motor neurons. In Nkx6 . 1 mutant embryos 
there was a marked reduction in the number of spinal motor 

3 0 neurons, as assessed by expression of the homeodomain- 

proteins Lhx3 , Isll/2 and HB9 (Arber et al . 1999; Tsuchida 
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et al . 1994; Figures 2E-2L) , and by expression of the gene 
encoding the . transmitter synthetic enzyme choline 
acetyl transferase (data not shown) . In addition, few if any 
axons were observed to emerge from the ventral spinal cord 
5 (data not shown) . The incidence of motor neuron loss, 
however, varied along the rostrocaudal axis of the spinal 
cord. Few if any motor neurons were detected at caudal 
ceirvical and upper thoracic levels of N}cx6 , 1 mutants 
analyzed at E11-E12.5 (Figures 2M, 2N, 2Q, 2R) , whereas 
10 motor neuron number was reduced only by 50%- 75% at . more 
. caudal levels (Figures 20, 2P, 2S, 2T; data not shown) . At 
all axial levels, the initial reduction in motor neuron 
number persisted at both E12 . 5 and pO (Figures 2M-2T ; data 



not shown), indicating that the loss of Nkx6 . 1 activity 
15 does not simply delay motor neuron generation. Moreover, 
we detected no increase in the incidence of cells in 

NkJcS.l mutants (data not shown), providing evidence that 
the depletion of motor neurons does not result solely from 
apoptotic death. 

20 

The persistence of some spinal motor neurons in Nkxe . 1 
mutants raised the possibility that the generation of 
particular subclasses of motor neurons is selectively 
impaired. To address this issue, we monitored the 

25 expression of markers of distinct subtypes of motor neurons 
at both spinal and hindbrain levels of Nkx6 , 1 mutant 
embryos. At spinal levels, the extent of the reduction in 
the generation of motor neurons that populate the median 
(MMC) and lateral (LMC) motor columns was similar in NkxS . 1 

3 0 mutants, as assessed by the number of motor neurons that 
coexpressed Isll/2 and Lhx3 (defining MMC neurons, Figures 
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3A, 3B) and by the expression of Raldh2 (defining IjMC 
neurons, Sockanathan and Jessell 1998; Arber et al . 1999; 
Figures 3C, 3D) . In- addition, the generation of autonomic 
visceral motor neurons was reduced to an extent similar to 
that .of somatic motor neurons at thoracic levels of the 
spinal cord of E12.5 embryos (data not shown) . Thus, the 
loss of Nkx6.1 activity depletes the major siobclasses of 
spinal motor neurons to a similar extent. 

At hindbrain levels, Nkx6,l is expressed by the progenitors 
of both somatic and visceral motor neurons (lligures 3E, 3F; 
data not shown) . We therefore examined whettjier the loss of 
Nkx6 . 1 might selectively affect subsets of . cranial motor 



neurons^ We detected a virtually complete loss in the 

15 generation of hypoglossal and abducens somatic motor 
neurons in NJocS , 1 mutants, as assessed by the absence of 
dorsally generated HB9-' motor neurons (Figures 3G, 3H; data 
not shown, Arber et al . 1999; Briscoe et al . 1999). In 
contrast, there was no change in the initial generation of 

20 any of the cranial visceral motor neuron populations, 
assessed by coexpression of JsII and Phox2a (Briscoe et al . 
1999; Pattyn et al . 1997) within ventrally generated motor 
neurons (Figures 31, 3 J; data not shown). Moroever, at 
rostral cervical levels, the generation of spinal accessory 

25 motor neurons (Ericson et al . 1997) was also preserved in 
NkDcS.l mutants (data not shown). Thus, in the hindbrain 
the loss of Nkx6.1 activity selectively eliminates the 
generation of somatic motor neurons, while leaving visceral 
motor neurons intact. Cranial visceral motor neurons, 

30 unlike spinal visceral motor neurons, derive from 
progenitors that express the related Nkx genes Nkx2 . 2 and 
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Nkx2.9 (Briscoe et al . 1999). The preservation of cranial 
visceral motor neurons in Nkx6 . 1 mutant embryos may 
therefore reflect the dominant activities of Nkx2 . 2 and 
Nkx2.9 within these progenitor cells. 

We next examined whether the generation of ventral 
intemeurons is affected by the loss of Nkx6.1 activity. V2 
and V3 interneurons are defined, respectively, by 
expression of ChxlO and Siml (Arber et al . 1999; Briscoe et 
al . 1999; Figures 4A, 4G) . A severe loss of ChxlO V2 
neurons was detected in Nkx6 . 1 mutants at spinal cord 
levels (Figure 4B) , although at hindbrain levels of Nkx6 . 1 
mutants -50% of V2 neurons persisted (data not shown) . In^ 



contrast, there was no change in the generation of Siml V3 
15 interneurons at any axial level of Nkx6 . 1 mutants (Figure 
4H) . Thus, the elimination of Nkx6 . 1 activity affects the 
generation of only one of the two major classes of ventral 
interneurons that derive from the Nkx6 . 1 progenitor cell 
domain . 



Evxl*, Pax2* VI interneurons derive from progenitor' cells 
located dorsal to the Nkx6 . 1 progenitor domain, (Figure 4B) 
within a domain that expresses Dhx2 , but not Dhxl (Burrill 
et al. 1997; Matise and Joyner 1997; Pierani et al . 1999). 
Because Dhx2 expression undergoes a marked ventral 
expansion in NkxG.l mutants, we examined whether there 
might be a corresponding expansion in the domain of 
generation of VI neurons. In Nkx6 . 1 mutants, the region 
that normally gives rise to V2 neurons and motor neurons 
now also generated Vl neurons, as assessed by the ventral 
shift in expression of the Enl and Pax2 homeodomain 
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proteins (Figures 4B, 4C, 4E, 4F) . Consistent with this, 
there was a two- to threefold increase in the total number 
of VI neurons generated in Nkx6 . 1 mutants (Figures 4C, 4D) . 
In contrast, the- domain of generation of Evxl/2 VO neurosis, 
5 which derive from the Dbxl progenitor d" -lain (Pierani et 
al . 1999), was unchanged in Nkx6 . 1 mutants (Figures 41, 
4 J) . Th^J-S, the ventral expansion in Dhx2 expression is 
accompanied by a selective switch in interneuronal fates, 
from V2 neurons to VI neurons. In addition, we observed 
10 that some neurons within the ventral spinal cord of Nkx6 . 1 
mutants coexpressed the VI marker Enl anck the V2 marker 
Lhx3 (Figures 4K, 4Lr) . The coexpression c:j)f these markers 
is rarely if ever observed in single ^leurcj tns in wild type 



20 



30 



embryos (Ericson et al . 1996). Thus, within, individual 
15 neurons in Nkx6 . 1 mutants, the ectopic program of VI 
neurogenesis appears to be initiated in parallel with a 
residual, albeit transient, program of V2 neuron 
generation. This result complements observations in Hb9 
mutant mice, in which the programs of V2 neuron and motor 
neuron generation coincide transiently within individual 
neurons (Arber et al . 1999; Thaler et al . 1999) . 



Taken together, the findings herein reveal an essential 
role for the Nkx6 . 1 homeobox gene in the specification of 
25 regional pattern and neuronal fate in the ventral half of 
the mammalian C1<FS . Within the broad ventral domain within 
which Nkx6.1 is expressed (Figure 5A) , its activity is 
required to promote motor neuron and V2 interneuron 
generation and to restrict ,the . generation of VI 
interneurons (Figure 5B) . It is likely that the loss of 
motor neurons and V2 neurons is a direct consequence of the 
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loss of Nkx6.1 activity, as the depletion of these two 
neuronal subtypes is evident at stages when only low levels 
of Db:K2 are expres-sed ectopically in most regions of the 
ventral neural tiibe . Nonetheless, it can not be excluded 
5 that low levels of ectopic ventral Dbx2 expression could 
contribute to the block in motor neuron generation. 
Consistent with this view, the ectopic expression of NkxS . 1 
is able to induce both motor neurons and V2 neurons in 
chick neural tube (Briscoe et al . 2000). V3 interneurons 

10 and cranial visceral motor neurons derive from a set of 
NkDce.l progenitors that also express Nkx2.2 and Nkx2 . 9 
(Briscoe et al . 1999, Figure 5A) . The generation of these 
two neuronal subtypes is unaffected by the loss of Nkx:6 . 1 
activity, suggesting that the actions of Nkx2 , 2 and Nkjc2 . 9 

15 dominate over that of Nkx6 . 1 within these progenitors. The 
persistence of some spinal motor neurons and V2 neurons in 
NkxS.l mutants could reflect the existence of a functional 
homologue within the caudal neural tube. 

2 0 The role of NkJcS . 1 revealed in these studies, taken 
together with previous findings, suggests a model in. which 
the spatially restricted expression of NJoc genes within the 
ventral neural tube (Figure 5) has a pivotal role in 
defining the identity of ventral cell types induced in 

25 response to graded Shh signaling. Strikingly, in 

Drosophila, the I^kx gene NK2 has been shown to have an 
equivalent role in specifying neuronal fates in the ventral 
nerve cord (Chu et al . 1998; McDonald et al . 1998). 
Moreover, the ability of Nkjc6 . 1 to function as a repressor 

30 of the dorsally expressed Gshl/2 homeobox genes parallels 
the ability of Drosophila NK2 to repress Jnd, a Gshl/2-like 
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homeobox gene (Weiss et al . 1998) . Thus, the evolutionary 
origin of regional pattern along the dorsoventral axis of 
the central nervous system' may predate the divergence of 
invertebrate and vertebrate organisms. 
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RECOND SEPTKS OF pyPR-RIMENTS 
Intr-oduction 

5 During the development of the vertebrate central nervous 
system, the assignment of regional identity to neural 
progenitor cells has a critical role in directing the 
subtype identity of post-mitotic neurons. Within the 
ventral half of the neural tube, the specification of 
10 progenitor cell identity is initiated by the long-range 
signalling activity of the secreted factor'. Sonic hedgehog 
(Shh) (Briscoe et al . , 2001; Briscoe and Ericson, 2001). Shh 

s ignal ing appea rs to establish ventral ^ progenitor cell _ 

identities by regulating the spatial pattern of expression 
15 of homeodomain transcription factors of the Nfcx, Pax, Dbx 
and Irx families (Ericson et al . , 1997; Pierani et al . , 
1999; Briscoe et al . , 2000). Members of all four gene 
families have been duplicated during evolution (Shoji et 
al., 1996; Wang et al . , 2000; Hoshiyama et al . , 1998, Peters 
20 et al., 2001), and the resulting homeodomain protein pairs 
are typically expressed in overlapping or nested domains 
within the neural tube (Briscoe and Ericson, 2001) . Some 
of these homeodomain protein pairs have been proposed to 
have distinct, and others redundant, roles in spinal cord 
25 patterning (Mansouri and Gruss, 1998; Briscoe et al . , 1999; 
Pierani et al . , 2001), but the impact of such homeobox gene 
duplication on neuronal diversification has not been 
explored directly. 

3 0 One unifying feature of this diverse array of progenitor 
homeodomain proteins is their sxobdivision into two general 
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groups, termed class I and II proteins, on the basis of 
their mode of regulation by Shh signalling (Briscoe and 
Ericson, 2 001) . The class I proteins are constitutively 
expressed by neural progenitor cells, and their expression 
5 is repressed by Shh signaling, whereas neural expression' of 
the class. II proteins requires exposure to Shh (Ericson et 
al . , 1997; Qiu et al . , 1998; Briscoe et al . , 1999; 2000; 
Pabst et al.., 2000). Although the spatial pattern of 
expression of the class I proteins has revealed the 

10 existence of five ventral progenitor domains, class II 
proteins have been identified for only two of these domains 
(Briscoe et al , , 2000), raising questions about the 
existence and identity of additional class II proteins. 

■ ^ There is, however, emerging evidence that the combination 

15 of class I and II proteins that is expressed by neural 
progenitor cells directs the fate of their neuronal progeny. 
In support of this, misexpression of individual progenitor 
homeodomain proteins in the chick neural tube promotes the 
ectopic generation of neuronal subtypes, with a specificity 

20 predicted by the normal profile of progenitor homeodomain 
protein expression (Briscoe et al . , 2000; Pierani et al . , 
2001) . Conversely, the analysis of mouse mutants has 
provided genetic evidence that the activities of specific 
class I and II proteins are required to establish progenitor 

25 cell domains and to direct ventral neuronal fates (Ericson 
et al., 1997; Briscoe et al . , 1999; Sander et al . , 2000; 
Pierani et al . , 2001). 

The participation of progenitor homeodomain proteins in the 
30 conversion of graded Shh signals into all-or-none 
. distinctions in progenitor cell identity depends on cross- 
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repressive interactions between selected pairs of class I 
and II protein (Ericson et al . , 1997; Briscoe et al . , 2000; 
Sander et al . , 2000; Muhr et al . , 2001). In addition, most 
class I and II proteins have been shown to fiinction direcfily 
5 as transcriptional repressors, through the recruitment of 
corepressors of the Gro/TLE class (Muhr et al . , 2001) . These 
findings have suggested a derepression model of neural 
patterning which invokes the idea that the patterning 
activities of individual class I or II proteins are achieved 

10 primarily through their ability to repress expression of 
complementary homeodomain proteins from specific progenitor 
domains. A central implication of thisj model is that 
homeodomain proteins direct progenitor cells to individual 
neuronal fates by suppressing alternative pathways of 

15 differentiation - a view that has strong parallels with 
proposed mechanisms of lineage restriction during lymphoid 
differentiation (Nutt et al . , 1999; Relink et al . , 1999; 
Eberhard, et al . , 2000). 

20 Much of the evidence that has led to this general outline 
of ventral neural patterning has emerged from an analysis 
of members of the Nkx gene family. Two closely- related Nkx 
repressor proteins, Nkx2 . 2 and Nkx2.9, function as class II 
proteins that specify the identity of V3 neurons (Ericson 

25 et al., 1997; Briscoe et al . , 1999, 2000). A more distantly 
related class II repressor protein, Nkx6 . 1 , is expressed 
throughout the ventral third of the neural tube and when 
ectopically expressed, can direct motor neuron and V2 neuron 
fates (Briscoe et al . , 2000; Sander et al . , 2000). These 

3 0 gain-of -function studies are supported by an analysis of 
mice lacking Nkjc6 . 1 function, which exhibit a virtually 
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complete failure in V2 interneuron generation (Sander et 
' ' al . , 2000) . Nkx6.1 null mice also show a reduction in motor 
neuron generation at rostral levels of the spinal cord, but 
at more caudal levels motor neurons are formed in near- 
5 normal numbers (Sander et al , , 2000). This observation 
reveals the existence of an Nkx6 . 1-independent program of 
spinal motor neuron generation, although the molecular basis 
of this alternative pathway is unclear - 

10 A close relative of NkxS.l, termed Nkx6 . 2 (also known as 
NkxSB or Gtx) , has been identified (Komuro et al • , 1993; Lee 
et al . , 2001), and is expressed by neural progenitor cells 
(Cai et al . , 1999). In its alias of Gtx, Nkx6 . 2 has been 

— suggest ed"to^re'gul"ate"myelin gefie expression (Komuro" et al . , 

15 1993), but its possible functions in neural patterning have 
not been examined. The identification of an Nkx6 gene pair 
prompted us to address three poorly resolved aspects of 
ventral neural patterning. First, do closely related pairs 
of repressor homeodomain proteins serve distinct or 

2 0 redundant roles in ventral neural patterning? Second, are 

class I repressor proteins always complemented by a 
corresponding class II repressor, and if so, is Nkx6 . 2 one 
of the missing class II proteins? Third, to what extent is 
the generation of spinal motor neurons dependent on the 
25 activity of Nkx6 class proteins? 

To address these issues we mapped the profile ^of expression 
of Nkx6.2 and Nkx6 . 1 during neural tube development, and 
analysed mouse Nkx6 mutants to determine the respective 

3 0 contributions of these two genes to neural patterning. We 

show that Nkx6.2, like Nkx6 . 1 , functions as a class II 
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repressor homeodomain protein. Our analysis of NkxS 

mutants further indicates that the duplication of an 
ancestral NkxS gene has resulted in the expression of two 
proteins that, exert markedly different levels of repressor 
5 activity in the ventral neural tube. This differential 
repressor activity of these two proteins appears to provide 
both a fail-safe mechanism during motor neuron generation, 
and the potential for enhanced diversification of ventral 
interneuron subtypes. Moreover, we find that under 

10 conditions of reduced Nkx6 gene dosage, ventral neuronal 
subtypes can be generated from progenitor I cells that lack 
the class 1 or class II proteins normally required for tbeir 
generation. This finding supports otie of tl^e central tenets^ 
of the derepression model of ventral neural patterning - 

15 that progenitor homeodomain proteins direct' particular 
neuronal fates by actively suppressing cells from adopting 
alternative fates . 

The specification of neuronal fate in the vertebrate central 

2 0 nervous system appears to depend on the profile of 

transcription factor expression by neural progenitor cells, 
but the precise roles of such factors in neurogenesis remain 
poorly understood. A pair of closely-related homeodomain 
proteins that function as transcriptional repressors, Nkx6.2 
25 and Nkx6 . 1 , are expressed by progenitor cells in overlapping 
domains of ventral spinal cord. We provide genetic evidence 
in the mouse that differences in the level of repressor 
activity of homeodomain proteins. underlies the 
diversification of ventral interneuron subtypes, and 

3 0 provides a fail-safe mechanism during motor neuron 

generation. We also show that a reduction in Nkx6 protein 
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activity permits VO neurons to be generated from progenitor 
cells that lacJc the homeodomain proteins normally required 
for their generation! This finding provides direct evidence 
for a model of neuronal fate specification in which 
5 progenitor homeodomain proteins direct specific neuronal 
fates by actively suppressing the expression of 
transcription factors that direct alternative fates. 



• 

wo 02/18545 



PCT/lJSOl/27256 



-48- 

EXPERIMENTAL DETAILS 

A. Materials and Methods 

5 Generation of Nkx6 . 2 mutan t mice 

Mouse Nkx6.2 genomic clones were isolated from a 12 9 /Ola 
mouse genomic library. A targeting construct was 

constructed by inserting a tau-lacZ/pGKneo cassette into a 
5 kb 5' Hindlll-Ncol fragment and a 2.7 kb 3' Sphl-AccI 
10 fragment. The. linearized targeting construct was 
electroporated into E14 . 1 {129/Ola) ES celjls. Cells were 
selected with G418 and screened by Southerji blot analysis 
using a 200 bp 3' AccI fragment, which detected a 6 kb wild 



25 



'type'band^and a 2T9 kb mutant band. Recombinant clones were 
15 injected into C57BL/6J blastocysts to generate two chimeric 
founders, both of which transmitted the mutant allele. Mice 
homozygous for the mutant alleles were born at Mendelian 
frequency and survived through adulthood. All experiments 
involved mice maintained on a C57BL/6 background. The 
20 generation and genotyping of Nkx6 . 1 mutant mice have been 
described previously (Sander et al . 2000). Compoxind Nkx6 
mutant mice were obtained by crossing Nkx6 . 2*/^^' ; Nkx6 . l*^' 
double heterozygous mice. Genotyping was performed using 
Southern blot analysis. 
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Chick .-iri ovo electr oporat ion 

Mouse Nkx6.2 was isolated by PCR (Komuro et al . , 1993) and 
chick Nkx6.2 from a chick spinal cord library (Easier et 
al., 1993) using mouse Nkx6 . 1 and Nkx6 . 2 as probes. cDNAs 
encoding full-length mouse and chick Nkx6 . 2 were inserted 
into a RCASBP(B) retroviral vector and electroporated into 




wo 02/18545 ' PCT/USOl/27256 

-49- ' . . 

the neural tube of stage HH (Hamburger and Hamilton, 19 53) 
10-12 chick embryos (Briscoe et al . , 2000). After 24-48h, 
embryos were fixed -and processed for immunoh-istochemistiry . 

5 Immunohi s tochemi s try and in situ hybr idi zat ion 

histochemistry 

Immunohi s tochemi cal localization of proteins was performed 
as described (Yamada et al . , 1993; Briscoe et al . , 2000). 
Guinea-pig antisera were generated against an 11 amino acid 

10 N-terminal sequence of. mouse Nkx6.2. Other antibodies used 
, were rabbit anti-Lim3 (Ericson et al . , 1997), mAb Hb9 
(Tanabe et al . , 1998), rabbit anti-Isll/2 (Tsuchida et al . > 
1994), rabbit anti-ChxlO (Ericson et al . , 1997), rabbit 
anti-Enl (Davis et al . , 1991), mAb anti-Evxl/2, rabbit anti- 

15 Dbxl, rabbit anti-Dbx2 (Pierani et al . , 1999), rabbit anti- 
NkxS.l (Jorgensen et al . , 1999), mAb anti-Pa.x7 (Ericson et 
al . , 1996), rabbit anti-bgal (Cappel) and goat anti-bgal 
(Biogeneseis) . Images were collected on a. Zeiss LSMSIO 
confocal microscope. In situ hybridisation was performed as 

20 described (Schaeren-Wiemers and Gerf in-Moserr, . 1993 ) , using 
chick probes for Db^cl, D}dk2 (Pierani et al . , 1999), Nkx6 . 1 
(Briscoe et al . , 2000) and Nk^6 . 2 , A mouse probe for the 
5'XJTR of N}ck6.2 comprised 34 6 bp upstream of the start ATG 
site. Whole-mount X-gal staining was performed as described 

25 (Mombaerts et al . , 1996). 

B , Results 

Distinct patterns of Nkx6 . 1 and Nkx6 . 2 expr ession in 

3 0 embryonic spinal cord 

To examine the roles of NkxS class genes in ventral neuronal 
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specif ication we compared the patterns of expression of 
Nkx6.2 and NkxS . 1 with that of other progenitor homeodomain 
proteins, in the spinal cord of mouse and chick: embryos. In 
the caudal neural tube of the mouse, the expression of 
5 Nkx6 , 2 was first detected at -e8.5, in a broad ventral 
domain that largely coincided with that of Nkx6 . 1 (Figure 
lOA) . Between e8 . 5 and e9.5, the expr-ession of Nkx6 . 2 was 
lost from most Nkx6 . l"" cells in the ventral neural tube, 
although expression persisted in a narrow stripe of cells 

10 just dorsal to the limit of Nkx6 . 1 expression (Figure lOB, 
C) . At elO.O-elO.5, virtually all, Iisrkx6.2'' cells 

coexpressed Dbx2 (Figure IDE) , and the vejitral limit of 
expression of both Nkx6.2 and Dbx2 coincided with the dorsal 
limit of Nkx6.1 expression at the pl/p2 domain boundary 

15 (Figure lOD, E) , Nkx6.2 was expressed predominantly within 
the pi domain, but scattered Nkx6 . 2* cells were detected 
within the pO domain - the domain of expression of Pax?-, 
Dbxl* cells (Figure lOF) . Within the pO domain, however, 
individual Nlcx6.2* cells did not coexpress Dbxl , although 

20 they did express Dbx2 (Figure lOE-G) . Thus, the scattered 
Nkx6.2* cells found at the dorsoventral level of the pO 
domain exhibit a pi, rather than pO , progenitor cell 
identity. Studies in chick have similarly shown that pO and 
pi progenitors are interspersed in the most dorsal domain 

25 of the ventral neural tube (Pierani et al . , 1999). 

In the chick neural tube, as in the mouse, Nk>z6 . 1 and Nkx6.2 
are initially coexpressed in a broad ventral domain (Cai et 
al . , 1999; data not shown). But in contrast to the mouse, 
3 0 Nkx6.2 expression persists in ventral progenitor cells, with 
the consequence that the expression of Nk>:6 , 2 and Nkx6.1 
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also overlaps at later developmental stages. (Figure lOK, I) . 
Nevertheless, expression of chick Nkx6 . 2 is also detected 
in a thin stripe of cells dorsal to the limit of Nkxe.l 
expression, within the pi domain (Figure lOH) . Thus, in 
5 both species, pi progenitors coexpress Nkx6.2 and Dbx2 and 
exclude Nkx6 . 1 . 

Nkx6.2 Regulates VQ and VI Interneuro n Fates bv Repression 
of Dbxl Extpression 
10 The establishment and maintenance of progenitor cell domains 
. in the ventral neural tube has been proposed to depend on 
mutual i-epressive interactions between complementary pairs 
of class I and II home o domain proteins (Briscoe et al . , 



" 2000; Muhr et al . , 2001). But class II proteins have been 
15 identified for only two of the five known progenitor domain 
boundaries (the pl/p2 and pMN/p3 boundaries) (Ericson et 
al., 1997; Briscoe et al . , 1999, 2000; Sander et al . , 2000). 
The mutually exclusive pattern of expression of Nkx6..2 and 
Dbxl within pi and pO progenitors led us to consider whether 
20 Nkx6.2 might function as a class II protein that represses 
Dbxl expression, and thus help to establish the identity of 
pi progenitor cells and the fate of their Enl* VI neuronal 
progeny . 

2 5 To test this idea, we analysed the profile of expression of 

class I and II homeodomain proteins in Nkx6 . 2 mutant 
embryos. We inactivated the mouse Nkx6.2 gene by homologous 
recombination in embryonic stem (ES) cells, A targeted 
Nkx6.2 allele (i^Jkx^.2"^) was generated by replacing the 

3 0 coding sequence of Nkx6.2 with a IzauL^cZ cassette (Figure 

llA) . m the spinal cord of NkxS.2^^^^^ embryos analysed at 
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elO.5, expression of LacZ and Nkx6 . 2 coincided within the 



embryos, the location of LacZ* cells was also similar to 
that in Nkx6.2*^^' embryos (Figure IIF, G) , but Nk;x6 . 2 
5 protein was not detected (Figure IIG) . These data provide 
evidence that the Nkx6.2^'^ allele generates a null mutation, 
and that disruption of the Nkx:6.2 locus does not perturb the 
normal spatial pattern of expression of this gen.e.. 

10 We did ob serve, however, that the level of LacZ expression 
was markedly elevated in Nkx6 . 2^^^^^ , wh^n compared with 
Nkx6 . 2''^^^'' , embryos (Figure IIB-D) . An el|evation in level 
of expression of the residual 5' Nkx6.2 transcript was also 

r^efected i"n NkxS . 2^^tiz embryos (Figure IIH-J) . These 

15 observations provide evidence that Nkx6 . 2 ' negatively 
iregulates its own expression level within pi progenitor 
cells. 

We next analysed the pattern of expression of class I and 
2 0 II homeodomain proteins in the spinal cord and caudal 
hindbrain of NJcx:^. 2"^^"'' embryos . The domains of expression 
of the class II proteins Nkx2.2 and Nkx6 . 1 , and of the class 
I proteins Pax7, Dbx2 , Irx3 and Pax6 were similar in Nkx6.2 
t:iz/tiz^ Mkx6.2''^^^, and wild type embryos (Figure 12B-D, G-I; 
25 data not shown). In addition, normal patterns of expression 
of Dbx2 and Nkx6 . 1 were detected at the pl/p2 domain 
boundary (data not shown) , showing that establishment of the 
pi progenitor domain does not require Nkx6 . 2 function. 
However, the level of Dbx2 expression in pi domain 
30 progenitors was increased -two-fold in Nkx6 . 2^^^^^^^ mutants 
(Figure IIK-M) , indicating that Nkx6 . 2 normally limits the 



pi progenitor domain (see Figure HE, F) . 



In N'Jcx5.2"=/"^ 
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level of Dbx2 expression in this domain. 

We also detected- a marked change in the pattern of 
expression of the pO progenitor cell marker Dbxl in 
5 JSTJcxe". 2"'^/"'' embryos . At caudal hindbrain levels, the number 
of ventral Dbxl* progenitor cells increased 1.7- fold 
(Figure 12F) , and the domain of Dbxl* cells expanded 
ventral ly, extending through the pi domain to the dorsal 
limit of Nkx6 . 1 expression (Figure 12H) . Moreover, in 
10 N/cx5. 2*^^^/"^ embryos all of the ectopic Dbxl* cells found 
within the pi domain coexpressed LacZ (Figure 12 J) , Thus, 
many progenitors within the pi domain initiate Dbxl 
expression in the absence of Nkx6 . 2 function. Nevertheless 
„ ~in~ Nkxi .2^^-'^^'^ embryos, numerous LacZ* progenitors still 
15 lacked Dbxl expression (Figure 12*J) , implying the existence 
of an Nkx6 , 2 - independent means of excluding Dbxl expression 
from pi progenitors. The ventral expansion of Dbxl was most 
prominent at caudal hindbrain and cervical spinal levels of 
the neural tube but a similar, albeit less marked, expansion 

2 0 of Dbxl expression was detected at caudal spinal levels 

(data not shown; see Figure 15) . Taken together, these data 
imply that within pi domain progenitors Nkx6.2 functions as 
a weak repressor of Dbx2 expression and a more potent 
repressor of Dbxl expression. 

25 

We next analysed the generation of interneuron subtypes in 
the ventral neural tube. In wild type embryos, Dbxl*, 
Dbx2*, Nkx6.2- pO progenitors generate Evxl/2* VO neurons 
(Pierani et al . , 1999; 2001); Nkx6.*2*, Dbxl", Dbx2* pi 

3 0 progenitors give rise to Enl* VI neurons (Burrill et al . , 

1997; Ericson et al . , 1997), and Nkx6.1*, Irx3*, p2 
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progenitors give rise to ChxlO* V2 neurons (Ericson et al . , 
1997; Briscoe - et al . , 2000). Dbxl activity in pO 
progenitors is required to promote VO and suppress VI 
neuronal fates (Pierani et. al . , 2001). The ventral 
5 expansion in Dbxl expression in NJoc^ . 2*"^^^"^ embryos 
theref ore led us to examine whether the loss of Nkx6 . 2 
function, leads progenitor cells within the pi domain to 
adopt a VO rather than VI neuronal fate. 

10 In the caudal hindbrain of NkxS . 2 t^^/tir embryos examined at 
elO.5, we detected a « two-fold increase in the mamber of 
Evxl/2* VO neurons and the domain of VO neuronal generation 
expanded ventrally the normal pos'ition o^ the pi dom ain 
(Figure 12N) . Consistent with this, many Evxl/2* neurons 
15 coexpressed LacZ (Figure 12P) , showing directly that some 
VO neurons derive from pi progenitors in the absence of 
Nk:x6.2 function. Conversely, the total number of Enl'' VI 
neurons generated in NJcx5. 2 ^^^^^^^ embryos was reduced by -50% 
(Figure 12Q) . The dorsoventral position of generation of 
20 the remaining Enl* VI neurons was similar in Nic?c5 . 2^^-^^/"^ 
embryos (Figure 12N) , and these neurons expressed LacZ 
(Figure 120) showing directly that Nkx6 . 2"^ , Dbx2* pi 
progenitor cells generate VI neurons. The total number of 
neurons generated from pi domain progenitors, defined by 
25 Cynl, TuJl and Liml/2 expression was similar in N'Jc;^:^ . 2"^/"^ 
and NkxS .2^^^^^ embryos examined at el 0.5 (data not shown). 
In addition, the number of TUNEL* cells was similar in 
i\7Jcx^.2*^^^/"= and NkxG . 2*^''^'' embryos (data not shown) . ChxlO* 
V2 neurons and HB9*, Isll/2* motor neurons were present in 
30 normal numbers and positions in Nkx5 . 2*^^^/^^^ embryos (Figure 
14; data not shown). Together, these findings show that the 
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activity of Nkx6.2 within pi progenitors promotes VI 
neuronal generation and helps to suppress the generation of 
VO neurons, a finding consistent with the proposed role of 
Nkx6.2 in repressing Dbxl expression from pi progenitors. 

Rf=; pn-gssion of MWfi - 2 by Nkx6 . 1 underlies JSIkx6 gene 

redundancy in spinal motor neuron generation 
We next addressed the respective contributions of Nkx6 . 1 and 
Nkx6.2 to motor neuron and V2 neuron generation. In the 
ventral neural tube, p2 and pMN progenitors express Nkx6 . 1 
and give rise to V2 neurons and motor neurons respectively. 
Ectopic expression of Nkx6 . 1 is sufficient to induce motor 
neurons and V2 interneurons in dorsal regions of the neural 



tube , and in Nkx6 . 1 mutant mice V2 neurons are eliminated 
15 (Briscoe et al . , 2000; Sander et al . , 2000). Nevertheless, 
there is only a partial reduction in motor neuron generation 
in Nkx6.1 mutants (Sander et al . , 2 000), revealing the 
existence of an WA^^.l- independent pathway of motor neuron 
generation. Nkx6 . 2 does not normally contribute to motor 
2 0 neuron specification in the mouse, since its expression is 
extinguished from ventral progenitors well befoqre the 
appearance of post-mitotic motor neurons (Figure lOA-C) , and 
there is no change in the number of motor neurons generated 
in i\rAjc5.2"^/"* embryos (see Figure 14G) . 
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Three lines of evidence, however, led us to consider a 
cryptic role for Nkx6 . 2 in motor neuron generation. First, 
Nkx'6.2 and Dbx2 share the same ventral limit of expression 
at the pl/p2 domain boundary, and the expression of Dbx2 is 
repressed by Nkx6 . 1 (Briscoe et al . , 2000; Sander et al . , 
2000). Second, Nkx6 . 2 negatively regulates its own 
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expression level within pi domain progenitors (Figure llD, 
J). Third, Nkx6 . 1 and Nkx6 . 2 possess similar Gro/TLE 
recruitment activities and DNA target site binding 
specificities (Muhr et al . , 2001). We reasoned therefore 
5 that under conditions in which Nkx6 . 1 activity is reduced 
or eliminated, Nkx6.2 expression might be derepressed in p2 
and pMN progenitors . 

In support of this idea, in NkxS.l^^- embryos examined at 
elO.5 we detected a marked increase in the number of Nkx6.2* 

10 cells within the p2 and pMN domains (Figure 13B) . And in 
Nkx6.1~^~ embryos, expression of Nkx6 . 2 Iwas detected in 
virtually all progenitor cells within the p|2 and pMM domains 
(Figure 13C) . Indeed, in NJckS.I'^' embryos, the level of 
Nkx6\2 e5^^ression in the nuclei of progenitor cells within 

15 the p2 and pMN domains was 1.9-fold greater than that in 
progenitor cells located within the pi domain (Figure 13C; 
data not shown). Together, these data show that NJcxS . 1 
activity normally represses Nkx6.2 expression from p2 and 
pMN progenitors in the mouse embryo. 

20 

In turn, these findings raised the possibility that in 
Nkx:6 . embryos, the derepression of Nkx6 . 2 expression 

substitutes for the loss of Nkx6 . 1 during motor neuron 
generation. If this is the case, Nkx6 . 2 would be predicted 

25 to mimic the ability of Nkx6 . 1 to induce motor neurons in 
vivo. Expression of chick or mouse Nkx:6.2 in the neural tube 
of HH stage 10-12 chick embryos repressed Dbx2 and Dbxl 
expression (Figure 13D-F) , and induced ectopic motor neuron 
differentiation (Figure 13G-I, L-N) with an efficacy similar 

30 to that of NkDcS.l (Briscoe et al . , 2000) . These data show 
that Nkx6 . 2 can induce ectopic motor neurons when expressed 
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at high levels in the dorsal neural ■ tu±>e., supporting the 
idea that both Nkx6 proteins can exert similar patterning 
activities in vivo (Figure 13D-0; Briscoe et al . , 2000). 
In addition, misexpression of Nloc6.2 in the pO and pi 
5 progenitor domains suppressed the generation of Evxl/2* VO 
and Enl* VI neurons and promoted the generation of ChxlQ* V2 
neurons (Figure 13 J, K, O, P) . Thus, a high level of 
expression of Nkx6.2 is not compatible with the generation 
of either VO or VI neurons (Figure 130, P) . 

10 

Based on these findings, we examined whether Nkx6 . 2 has a 
role in motor neuron generation in Nkx6 . 1 mutant mice by 
testing the impact of removing Nkx6 , 2 as well as Nkx6 . 1 on 
■ ^the generation of spinal motor neurons. In Nkx6\ 2^^^^^^ 

15 embryos there was no change in the number of motor neurons 
generated at any level of the spinal cord or hindbrain 
(Figure 14G,N,0; data not shown). In NkxS . 1'^- mutants, the 
number of spinal motor neurons was reduced by -60% at 
cervical levels, but by only 25% at lumbar levels (Figure 

20 14H,N,0, Sander et al . , 2000). Zn NkxS . 1'^' ; Nkx6 . 2*^^"^ 
embryos, motor neuron generation was reduced to -25% of 
controls at both cervical and lumbar levels (Figure 141, N, O; 
data not shown). In Nkjc6 . l'^' ; Nkx6 . 2^^^^''^'' embryos, the 
generation of motor neurons was reduced to <10% of wild type 

25 numbers, at all levels of the spinal cord (Figure 14 J) . In 
these NJc?c6 doiible mutant embryos, residual motor neurons 
were detected at elO.O, and no further increase in motor 
neuron number was evident at el2 (Figure 14M, P;. data not 
shown) . Since there was no increase in apopototic cell 

3 0 death in the ventral neural tube over this period (data not 
shown) , we infer that the few spinal motor neurons present 
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in Nkx6 double mutants are generated prior to elO . 
Together, these findings demonstrate that Nkx6.2 substitutes 
for the loss of Nkx6 . 1 in spinal motor neuron generation, 
and reveal a link between Nkx6 gene dosage and the incidence 
5 of motor neuron generation, 

A Dissociation in Neuronal Fate and Progenitor Cell Identity 
in Nkx6 Mutant Mice 

We next examined whether a reduction in Nkx6 gen^ dosage 
10 results in ectopic Dbx protein expression and VI and VO 
neuron generation in the p2 and pMN domainls of the ventral 
spinal cord. | 

"Ehl'' Vl"neuron^^^^^^^ generated from Dbx2^, Dbxl" pi 

15 progenitor cells, and we therefore analysed the relationship 
between Dbx2 expression and Enl* VI .neuronal generation in 
Nk:K6.1 and NkK6,2 compound mutants. As reported previously 
(Sander et al . , 2000), in Nk^6 . l'^' embryos examined at 
elO.5, ectopic ventral expression of Dbx2 was detected at 

20 high levels in the p2 and p3 domains, although cells in the 
pMN expressed only very low levels of Dbx2 (Figure 15H; see 
Sander et al . , 2000). Moreover, in Nkx6,l-/- embryos, 
ectopic Enl* neurons were generated in the p2 and pMN 
domains of the ventral neural tube (Figure 15R) . In NkxS . l'^' 

25 / Nkx6.2-^^^^ embryos, Dbx2 expression was detected at 
intermediate levels in the pMN domain (Figure 151) , and in 
ATkx^.I-/- ; WJcx^. 2*^^/^^ double mutant embryos, Dbx2 was 
detected at uniformly high levels in the p2 and pMN domains 
(Figure 15J) . Strikingly, in these Nk^cS . 1 and Nkx6 . 2 

3 0 compound mutant backgrounds, and despite the enhanced 
ectopic expression of Dbx2 , the number of ectopic ventral 
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Enl* VI neurons was reduced rather than increased, when 
■ ' compared with the number generated in Nkx6 . 1 single mutants 
. (Figure 15R, T) . „ 

Since Evxl-" VO neurons are normally generated from Dbxl*, 
Dbx2* pO progenitors, we examined whether the reduction in 
ectopic ventral Enl* VI neuron generation at low Nkx6 gene 
dosage might reflect a change in the pattern of expression 
of Dbxl, and the ectopic generation of VO neurons. 
Consistent with this idea, in Nkx6 . l'^' ; Nkx6.2^'^^'^ mutants, 
scattered Dbxl"' cells were detected in the p2 , pMN and p3 
domains (Figure 150) , and ectopic ventral Evxl/2* VO neurons 
were detected throughout the ventral neural tube (Figure 

r5T7 — Z)~ Thus^ — i^^NJcxi^^double mutanlis", the^loss of VI 

neurons is associated with' the ectopic ventral expression 
of Dbxl and the generation of ectopic VO neurons. 

But in Nkx6.1 single and Nkx6 . l'^' ; Nkx6,2*^^^^ compound 
mutant backgrounds, the normal link between expression of 
Dbxl in progenitor cells and the generation of Evxl/2* VO 
neurons was severed. In both these Nkx6 compound mutants 
backgrounds, the domain of expression of Dbxl was unchanged 
(Figure 15M, N) : a result that can be accounted for by the 
maintained expression of Nkx6 . 2 within the.pl domain, and 
; the deregulated expression of Nkx6 . 2 within the p2 and pMN 
domains. Nevertheless, Evxl/2^ VO neurons were generated 
from progenitor cells in the position of p2 and pMN domains, 
(Figure 15R, S, X, Y) . 

) We next considered whether these ectopic VO neurons were 
generated from the position of the p2 and pMN domains, or 



wo 02/18545 



PCT/USOl/27256 



-60- 

whether they simply migrated ventrally from a more doarsal 
position of origin. Ectopic ventral Evxl/2* VO neurons were 
detected as early as elO.O (Figure 16B) , and many of tlnem 
coexpressed LacZ (Figure 16C, D) , providing evidence that 
5 many of these neurons derive from progenitor cells within 
the position of the p2 and pMN domains. The finding that 
Evxl/2* VO neurons are generated from the pMN domain in 
Nkx6 . ; Nk>c6.2*^^^ embryos is especially significant, since 
these progenitors express negligible levels of Dbx2= (Figiare 
10 16E, 17) , arguing against the possibility that Dbx2 
expression compensates for the absence |of Dbxl during 
ectopic VO neuronal generation. These results therefore 
provide evidence that even though DJdxI activity is normally 

—required" f or "the* 'generation" of VO"^ neurons '( Pierani et al . , 

15 2 0 01) , under conditions in which NkxS gene, dosage is 
markedly reduced, VO neurons can be generated from 
progenitor cells that lack Dbxl expression. 

Nevertheless, the pattern of ventral neurogenesis observed 
20 in NJcxS.I"/- ; mutants indicated that residual 

Isll/2'', HB9^ neurons and ectopic Evxl* neurons were each 
generated from progenitors located in the position of the 
pMN domain. This observation raised the question of whether 
these two neuronal populations are, in fact, distinct. 

2 5 Strikingly, we found that in this compound Nkx6 mutant 

background, many of the residual I si 1/2-^, HB9* neurons 
transiently expressed Evxl (Figure 16H, I) . Thus, under 
conditions of reduced Nkx6 gene dosage, progenitor cells at 
the position of the pMN domain initially generate neurons 

3 0 with a hybrid motor neuron/VO neuron identity. 
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c . n iscussion 



The patterning of" cell types in the ventral neural tiibe 
depends on the actions of a set of homeodomain proteins 
5 expressed by. neural progenitor cells. Duplication of many 
of these genes has resulted in the overlapping neural 
expression of pairs of closely-related homeodomain proteins, 
and raises the question of whether these proteins have 
distinct or redundant roles during ventral neurogenesis. 

10 We have used genetic approaches in mouse to examine the 
respective contributions of one such homeodomain protein 
pair, Nkx6.1 and Nkx6 . 2 , in ventral neurai patterning . Our 
results imply that the duplication 'of an ar^cestral n;cx6 gen^ 
confers both redundant and' distinct roles for Nkx6 . 1 and 

15 Nkx6.2 in ventral neuronal patterning. We discuss below how 
the specificity and efficacy of Nkx6 -mediated 
transcriptional repression underlies the overlapping 
divergent patterning activities of the two proteins. 

20 P^rinndant i^nt^^iMx ^^ of Nkxfi Proteins in Moto>- Neuypn and 
vn Neuron Gep pT-ation 

Our genetic studies in mice indicate that Nkx6 . 1 and Nkx6 . 2 
have qualitatively similar activities in promoting the 
generation of motor neurons and in suppressing the 
25 generation of VO neurons . How are these overlapping 
patterning activities achieved, given the distinct profiles 
of expression of these two genes? 

Nkx6.1 has been shown to have a role' in motor neuron 
30 generation (Sander et al . , 2000), but the finding that large 
numbers of motor neurons are generated at caudal levels of 



wo 02/18545 ' PCT/USOl/27256 

-62- 

the spinal cord in NkK6 . 1 mutant mice, points to the 
existence of an Mkx6 . 1 -independent pathway of motor neuron 
generation. At face value, Nkx6 . 2 would appear a poor 
candidate as a mediator of the Nkx6 . 1 - independent pathway 
5 of motor neuron specification, since it is not expressed by 
motor neuron progenitors, nor is motor neur-on generation 
impaired in N]ck6 . 2 mutant mice. Nevertheless, the activity 
of Nkx6.2 is responsible for the efficient generation of 
spinal motor neurons in NkxS . 1 mutants. The basis of this 

10 redundant function resides in the derepression of Nkx6 . 2 
expx-ession in motor neuron progenitors in Nkx6 . 1 mutant 
mice. Strikingly, Nkx6 . 2 is even derepressed in NkxS . 1^^' 
embryos, whereas, there is no change in the patterns of 
expression of "Dbx2"and^ ^o^ proteins implicated 

15 in the repression of, motor neuron generation. The 
propensity for Nkx6.2 derepression thus appears to establish 
a "fail-safe" mechanism that ensures that the net level of 
Nkx6 protein activity is maintained in motor neuron 
progenitors under conditions in which Nkx6 , 1 levels 

20 decrease. A similar "fail-safe" regulatory mechanism may 
operate with other Nkx protein pairs. During pharyngeal 
pouch development, for example, the loss of Nkx2 . 6 
expression appears to be compensated for by the up- 
regulation of Nkx2 , 5 (Tanaka et al . , 2000) . 

25 

The finding that Nkx6 . 2 is derepressed in the absence of 
Nkx6.1 function also offers a potential explanation for the 
divergent patterns of expression of Nkx6 . 2 in the ventral 
neural tube of mouse and chick embryos. We infer that the 
3 0 chick NkK6.2 gene is not subject to repression by Nkx6 . 1 , 
permitting its persistent expression in p3 , pMN and p2 
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domain progenitor cells. Thus, in chick, the overlapping 
functions of Nkx6 . 1 and Nkx6 . 2 in motor neuron generation 
are associated with the coexpression of both genes by motor 
neuron progenitors, whereas in the mouse, Nkx6.2 activity 
5 is held in reserve, through its repression by Nkx6 . 1 . 

NkxS.l and Nkx6 . 2 ' also have an equivalent inhibitory 
influence on the generation of VO neurons, albeit through 
activities exerted in different progenitor domains. In pi 
10 progenitors, the repression of pO identity and VO neuron 
fate is accomplished by Nkx6 . 2 . But vendral to the pl/p2 
domain boundary it is Nkx6 . 1 that prevent!^ Dbxl expression 
and VO neuronal generat ion . Thus , Nkx6 . 1 i s a POtent 
'repressor of Dbxl expression, despite the fact that these 
15 two proteins lack a common progenitor domain boundary. The 
repression of genes that are normally positioned in 
spatially distinct domains has been observed with other 
class I and II proteins (Sander et al . , 2000) . This feature 
of neural patterning also parallels the activities of gap 
2 0 proteins in anteroposterior patterning of the Drosophila 
embryo, where the repressive activities of individual gap 
proteins are frequently exerted on target genes with which 
they lack a common boundary (Kraut and Levine, 1991; 
Stanojevic et al . , 1991). 



25 



30 



r^i^^^r^nt. F -.r.^^-ion. of Nkx6 . 1 and Nkx6 . 2 in Ventral 
Tntern«=uT-on G <=neration 

We now turn to the question of how Nkx6 . 1 and Nkx6.2 can 
exert distinct roles in interneuron generation, given the 
similarities of the two proteins in DNA target site 
specificity (Jorgensen et al . , 1999; Muhr et al . , 2001), and 
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their overlapping functions in the . patterning of motor 
neurons and VO. neurons . 

One factor that contributes to the opponent influence of 
5 Nkx6.1 and Nkx6 . 2 on the specification of VI interneuron 
fate is a distinction in the dorsal limit of expression, of 
the two proteins in the neiiral tube, presumably a reflection 
of differences in the regulation of expression the two 
proteins by graded Shh signalling. Nkx6 . 1 expression stops 
10 at the pl/p2 domain boundary. And within the p2 domain, 
Nkx6.1 suppresses pi progenitor identity through repression 
of Dbx2 and Nkx6 . 2 expression, in this way ensuring, the 
generation of ChxlO* V2 neurons. Nlcx6 . 2 , in co nt rast, 
~ tuples the pl~domain, where it is coexpressed with Dbx2 . 
15 In pi domain cells, Nkx6 . 2 promotes the generation of Enl* 
VI neurons by repressing the expression of Dbxl and Evxl , 
determinants of VO neuronal fate (Pierani et al . , 2001; 
Moran-Rivard et al . , 2001). Nevertheless, only a fraction 
of pi progenitors initiate Dbxl expression and acquire VO 
20 neuron fate in the absence of Nkx6 . 2 function, raising the 
possibility that Dbx2 may also have a role in rep^ressing 
Dbxl expression within pi progenitors (see Pierani et al . , 
1999) . 

25 The second major factor that underlies the opponent 
activities of Nkx6 . 1 and Nkx6 . 2 in VI interneuron 
specification appears to be a difference in the potency with 
which the two Nkx6 proteins repress a common set of target 
genes. This view is supported by several observations. 

30 NkxS.l completely represses Nkx6 . 2 , whereas Nkx6 . 2 exerts 
an incomplete negative regulation of its own expression in 
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pl domain progenitors. Thus, Nkx6 . 1 is evidently a better 
repressor of Nkx6.2 than is Nkx6 . 2 itself. Similarly, 
Nkx6.2 is coexpressed with Dbx2 in pi domain progenitors, 
whereas Nkx6 . 1 excludes Dbx2 from p2 domain progenitors, 
5 indicating that Nkx6 . 1 also is a more effective repressor 
of Dbx2 expression than is Nkx6 . 2 . Consistent with this 
view, Nkx6.2 fails to repress Dbx2 expression completely 
from ventral progenitors in Nkx6 . 1 mutants. The fact that 
Nkx6.2 is only a weak repressor' of Dbx2 is critical for the 
10 formation of the pi domain, since the maintained expression 
of Dbx2 in these cells ensures the exciusion of Nkx6 . 1 
expression (Briscoe et al . , 2000). | 

■ Our 'results 'cio ' not resolve why"'N]^^ is a' weaker repressor 

15 than Nkx6.1 in vivo. Differences in the primary structure 
of Nkx6.2 and NlcxS . 1 (Cai et al . , 1999; Muhr et al . , 2001) 
could result in an intrinsically lower repressor activity 
of Nkx6.2, when compared with that of Nkx6 . 1 . But our 
findings are also consistent with the possibility that the 
2 0 two Nkx6 proteins have inherently similar repressor 
activities, and that the Nkx6 . 2 protein is merely expressed 
at a lower level. Indeed within pi progenitors, the level 
of Nkx6.2 expression is clearly subject to tight regulation, 
with significant consequences for neuronal ■ specif ication . 
25 The selective expression of Nkx6 . 2 ■ in pi progenitors, 
coupled with its weak negative autoregulatory activity, 
ensures a level of Nkx6 activity that is low enough to 
permit Dbx2 expression but is still sufficient to repress 
Dbxl expression, thus promoting the generation of VI 
3 0 neurons. 
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Our findings therefore reveal that a gradient of 
extracellular Shh signalling is translated intracellularly 
into stepwise differences in the level of Nkx6 activity 
along the ventral -to-dorsal axis of the neural tube. 
5 Moreover, the different Nkx6 protein activity levels within 
ventral progenitor cells are a critical determinant of 
ventral neuronal fate. Cells that express low or negligible 
levels of Nkx6 activity (pO progenitors) are directed to a 
VO neuronal fate, cells that express an intermediate Nkx6. 
10 activity level (pi progenitors) are directed to a VI fate, 
and cells that express a high Nkx6 activity level (pMN and 
p2 progenitors) are directed to a motor neuron or V2 fate 
(Figure 17) . 

15 Nkx6 Repressor Function and Neuronal Patterning by 

Derepression 

The finding that many progenitor homeodomain proteins exert 
mutual-cross repressive interactions has led to a model of 
spinal neuronal patterning based on transcriptional 
20 derepression (Muhr et al . , 2001). Similar cross -repressive 
interactions may establish regional progenitor domains in 
more rostral regions of the developing CNS (Toresson et al . , 
2000; Yun et al . , 2001). A premise of this model is that 
transcriptional repression is exerted at two sequential 

25 steps in neurogenesis. One repressive step operates at the 
level of the progenitor homeodomain protein themselves, but 
a second repressive step is exerted on neuronal subtype 
determinant factors that have a downstream role in directing 
neuronal subtype fates (Briscoe et al . , 2000 ; Muhr et al . , 

30 2001) . 
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Our analysis of Nkx6 compound mutant mice provides direct 
support for this two-step repression model, and in addition 
indicates that progenitor homeodomain proteins and neuronal 
subtype determinants differ in their sensitivity to 

5 repression by the same class II protein. Normally, ' the 
functions of Dbxl and Evxl are required sequentially during 
the generation of VO neurons (Pierani et al . , 2001; Moran- 
Rivard et al . , 2001). In Nkx6 . 1'^- ; Nkx6 . 2 mutants, 
however, the generation of Evxl./2* VO neurons occurs in. the 

10 absence of expression of Dbxl by neural progenitor cells. 
Dbxl expression is therefore dispensabl^ for VO neuron 
generation under conditions of reduced ijkxS gene dosage. 
From these results, we infer that the net level of Nkx6 

--^^5OT:hr^i^itir-iir^t-ral-W^geni-t-o^ce 

15 threshold for repression of Dbxl expression, but is below 
the level required for repression of Evxl expression. These 
data therefore support the idea that Nkx6 proteins normally 
inhibit VO neuronal fate by repressing the class I 
progenitor homeodomain protein Dbxl, and independently by 

2 0 repressing expression of the VO neuronal subtype determinant 
Evxl . 

A differential sensitivity of progenitor homeodomain 
proteins and neural subtype determinants to repression 
appears therefore to underlie the dissociation of progenitor 
25 cell identity and neuronal fate observed in Nkx6 mutants . 
such two-tiered repression is, in principle, necessary to 
specify neuronal fate through transcriptional derepression, 
in the case of Nkx6 . 1 , for example, repression of Dbxl and 
Dbx2 (and possible other unidentified repressors) should be 
30 sufficient to derepress motor neuron subtype determinants 
such as MNR2 and Lim3 in pMN progenitors. But, unless Nkx6 . 1 
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also represses the expression of VO , determinants, Evxl 
expression would also be initiated in differentiating motor 
neurons, resulting in a hybrid neuronal phenotype . Indeed, 
under conditions in which Nkx6 gene dosage is reduced or 
5 eliminated, some of the neurons generated from the position 
of the pMN domain do transiently express a hybrid motor 
neuron/VO neuron phenotype . 

The derepression model also invokes the idea that a major 
10 role of Nkx6 class proteins is to exclude the expression of 
Dbx2 and other proteins that inhibit motor neuron 
generation. This view offers a potential explanation of why. 
a few residual motor neurons are generated in Nkx6 doiible 
" ' mutants. We'^find" that in the'" absence of Nkx6 gene function, 
15 residual motor neurons, are generated only at early 
developmental stages, suggesting that progenitor cells 
within the position of the pMN domain have committed to a 
motor neuron fate prior to the onset of the deregulated 
ventral expression of Dbx2 and other motor neuron 
20 repressors. We note that a third Wkx^-like gene exists in 
the mouse, but this gene is not expressed in the spinal cord 
of wild type or Nkx6 mutant embryos (E. Anderson and J. 
Ericson, unpublished data) , and thus its activity appears 
not to account for the residual motor neurons generated in 
25 Nkx6 double mutants. Importantly, the detection of residual 
motor neurons in Nkx6 double mutants also provides evidence 
that NkxS proteins do not have essential functions as 
transcriptional activators during motor neuron 
specification, further supporting their critical role as 
3 0 repressors. 
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Finally, the present studies and earlier work on 
neurogenesis in the ventral spinal cord (Ericson et al . , 
1996; Thaler et al., 1999; Arber et al . , 1999; Sander et 
al . , 2 0 00) have provided evidence that newly-generated 
neurons can sometimes express mixed molecular identities. 
These observations raise the possibility that repressive 
intei-actions that select or consolidate individual neuronal 
identities are not restricted to progenitor cells. 
Consistent with this view,, Evxl is required to establish VO 
and repress VI , neuronal identity through an action in post-, 
mitotic neurons (Moran-Rivard et al . , 20(j)l) , although it 
remains unclear whether Evxl itself functions in this 

context as an activator or reporessor. Similarly, the 

^ I — 

^homeodomain protein HB9 has been implicated in the 

consolidation of motor neuron identity, through repression 

of V2 neuronal subtype genes (Arber et al . , 1999; Thaler et 

al., 1999). HB9 possesses an eh-1 Gro/TLE recruitment domain 

(Muhr et al., 2001), suggesting that HB9 controls the 

identity of post -mitotic motor neurons through a direct 

^action as a transcriptional repressor. The consolidation 

of neuronal subtype identity in the spinal cord may 

therefore depend on transcriptional repressive interactions 

within both progenitor cells and post -mitotic neurons. 
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What is claimed is: 

"L _ A method of converting a stem cell into a ventral 

neuron which comprises introducing into the stem 
cell a nucleic acid which expresses homeodomain 
transcription factor Nkx6 . 1 protein in the stem 
cell so as to thereby convert the stem cell into 
the ventral neuron. 



10 2 . 



3 



30 



The method of claim 1, wherein the nucleic acid 
introduced into the stem cell incorporates into 
the chromosomal DNA of the stem cell . 



The method of claim 1, wherein the nucleic acid is 
introduced by .transf action or transduction. 



The method of claim 1, wherein the ventral neuron 
is a motor neuron, a V2 interneuron or a V3 
interneuron . 



5. A method of diagnosing a motor neuron degenerative 

disease in a subject which comprises: 
a) obtaining a nucleic acid sample from the 

s\abject; 

25 b) sequencing the nucleic acid sample; and 

c) comparing the nucleic acid sequence of 

step (b) with a Nkx6 . 1 nucleic acid 
sequence from a subject without motor 
neuron degenerative disease, wherein a 
difference in the nucleic acid sequence 
of step (b) from the Nkx6 . 1 nucleic acid 
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sequence from the subject without motor 
neuron degenerative disease indicates 
that the s-ubject has the motor neuron 
degenerative disease. 

The method of claim 5, wherein the motor neuron 
degenerative disease is amyotrophic lateral 
sclerosis or spinal muscular atrophy. 

A method of diagnosing a motor neuron degenerative 
disease in a subject which comprises: 

a) obtaining a nucleic acic^ sample from the 
subject; ' ^ 

b) performing a restriction digest of the 
nucleic acid sample with * a panel of 
restriction enzymes ; 

c) sepax-ating the resulting nucleic acid 
fragments by size fractionation; 

d) hybridizing the resulting separated 
nucleic acid fragments with a nucleic 
acid probe (s) of at least 15 nucleotide 
capable of specifically hybridizing with 
a unique sequence included within the 
sequence of a nucleic • acid molecule 
encoding a human Nkx6 . 1 protein, wherein 
the sequence of the nucleic acid probe is 
labeled with a detectable marker, and 
hybridization of the nucleic acid 
probe (s) with the separated nucleic acid 
fragments results in labeled probe- 
fragment bands ; 
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d) detecting labeled probe -fragment bands, 

wherein the labeled probe -fragment bands 
„have a band pattern specific to the 
nucleic acid of the subject; and 

f ) comparing the band patteim of .the 

detected labeled probe -fragment bands of 
step (d) with a previously determined 
control sample, wherein the control 
sample has a unique band pattern specific 
to the nucleic acid of a subject having 
the motor neuron degenerative disease, 
wherein identity of the band pattern of 
the detected labeled probe -fragment bands 

— " , of" step d) to the contrb 1 s amp 1 e 

indicates that the subject has the motor 
neuron degenerative disease . 

The method of claim 7, wherein the nucleic acid is 
DNA. 

The method of claim 7, wherein the nucleic acid is 
RNA. 

The method of claim 7, wherein " the size 
fractionation in step (c) is effected by a 
polyacrylamide or agarose gel . 

The method of claim 7, wherein the detectable 
marker is radioactive isotope, enzyme, dye, 
biotin, a fluorescent label or a chemiluminescent 
label . 
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The method of claim 7, wherein the motor* neuron 
degenerative disease is amyotrophic lateral 
sclerosis or spinal muscular atrophy. 

A method of converting a stem cell into a ventral 
neuron which comprises introducing into the stem 
cell a nucleic acid which expresses homeodomain 
transcription factor Nkx6 . 2 protein in the stem 
cell so as to thereby convert the stem cell into 
the ventral neuron. 

I 

The method of claim 13, wherein tjhe nucleic acid 

introduced into the stem .cell incorporates into 

! ^ ^ ^ 

-~the~chrom'o"soma:l~DNA of the stem cell. 

The method of claim 13, wherein the nucleic acid 
is introduced by transfection or transduction. 

The method of claim 13, wherein the ventral neuron 
is a motor neuron. 

A method of converting a stem cell into a ventral 
neuron which comprises introducing into the stem 
cell a polypeptide which expresses homeodomain 
transcription factor Nkx6 . 1 in the stem cell so as 
to thereby convert the stem cell into the ventral 
neuron . 

The method of claim 17, wherein the ventral neuron 
is a motor neuron, a V2 interneuron or a V3 
interneuron. 
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A method of converting a stem cell into a ventral 
neuron whdch comprises introducing into the stem 
cell a polypeptide, which expresses homeodomain 
transcription factor Nkx6 . 2 in the stem cell so as 
to thereby convert the stem cell into the ventral 
neuron. , 

The method of claim 19, wherein the ventral neuron 
is a motor neuron. 

I 

A method of diagnosing a neurodegenerative disease 
in a subject which comprises: ^ 
~a) obtaining a suitable sample from the subject ; 

b) extracting nucleic acid from the suitable 
sample ; 

c) contacting the resulting nucleic acid with a 
nucleic acid probe, which nucleic acid probe (i) 
is capable of hybridising with the nucleic acid 
of Nkx6.1 or Nkx6 . 2 and (ii) is labeled with a 
detectable marker; 

d) x-emoving unbound labeled nucleic acid probe; and 
e) detecting the presence of labeled nucleic acid, 

wherein the presence of labeled nucleic acid 
indicates that the subject is afflicted with a 
chronic neurodegenerative disease, thereby 
diagnosing a chronic neurodegenerative disease 
in the subject. 

The method of claim 21, wherein the suitable 
sample is spinal fluid. 
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23. The method of claim 21, wherein the nucleic acid 

is DNA. 



24 . 

5 



The method of claim 21, wherein the nucleic acid 
is RNA. 



Int'I Filing Date: 31 August 20(^W 

Tiile: GENETIC DEMONSTRATION OF 
REQUIREMENT FOR NKX6 1 NKX2 ^ 
lof22 



1/22 
Figure 1 



PCT/USl)l/27256 






■'^=•1:•• 




Nkx2.2 Pax6 




Nkx2.9 ] 




Applicant: Thomas M. Jessell ei al. 
U.S. Serial No.: Not Yet Kjic^^ 

\nV\ Filing Dale: 31 August 

Tiile: GENETIC DEMONSTRATION OF 
REQUIREMENT FOR NKX6.1. NKX2.2... 
2 Of 22 



PCT/USOl/27256 



2/22 
Figure 2 



lsl1/2 Nkx6.1 



HB9 Nkx6.1 Lhx3 Nkx6.1 Lhx3 Chx10 






wo 02/18545 



Applicant: Thomas M. Jessell et ai. 
.S. Serial No.: Not Yet Known 
I'l Filing Date: 31 August 2001 
Title: GENETIC DEMONSTRATION OF 
REQUIREMENT FOR NKX6.1, NKX2.2... 
3 of 22 



3/22 



Figure 3 



PCT/USOJ/27256 





Forelimb | 




Isl1/2 Lhx3 


RALDH2 






















B . ^ ■ T 

•■• . UflC . 






1 







r7/r8 


Nkx6.1 


HB9 


Phox2 lsl1/2, 






- ■ 




1^ 



U.S. Serial No.: Not Yet Kn(^ 
Int'l Filing Dale: 31 August 

Title- GENETIC DEMONSTRATION OF 
REQUIREMENT FOR NKX6.1, NKX2.2... 

4 of 22 



4/22 
Figure 4 



PCT/lJS(n/27256 



Chx10 



En1 



Pax2 




S/Vnf 



Evx1 



En1 Lhx3 




Applicant: lliomas M. Jessell el aJ. 
U..^^rial No.: Not Yet Known 

Int^Bing Date: 31 August 2001 ^9 

WO 02/1 8MS ^ GENETIC DEMONSTRATION OF PCT/USi)l/272S6 

>>U IIZ/J»^4.^ REQUIREMENT FOR NKX6.1, NKX2.2... I /U5)<II/2 /2M> 

5 of 22 

5/22 
Figure 5 




wo U2/1 85-15 



Mppuuaiu: inuinaii ivi. jeiiscii ci iii. 
U.S.^|rial No.: Not Yet Known 
IntM^^ig Date: 31 August 2001 
Title: GENETIC DEMONSTRATION OF 
REQUIREMENT FOR NKX6.1, NKX2.2... 
6 of 22 



PGT/USOl/27256 



6/22 



Figure 6 



1 mlavgaxnegt 
61 'spplgthnpg 
121 sgsassssss 
181 aaavaavgry 
24 1 ptf sgqqif a 
301 takkkqdset 
361 sepesss 



rqsaf llssp 
glkppatggl 
asdS6dsaaa 
pkplaelpgr 
lekt f eqt ky 
erikgasene 



plaalhsmae 
sslgsppqql 
aaaaaaaaaa 
tpif wpgvmq 
lagperarla 
eedddynkpl 



mktplypaay 
saatphginn 
sspagllagl 
sppwrdarla 
yslgmtesqv 
dpnsddekit 



pplpagppss 
ilsrpsmpva 
prf ssljsppp 

kvwf qnrr^^k 
qllkkliksss 



sssssssssp 
sgaalpsasp 
pppglyf sps 
dkdgkrkhtr 
v.Tkkhaaexna 
ggggglliha 



/Appiiuaiu; 1 nomas ivi. jesseii ei at 
U.S. Serial 
Int'l Filing 



i nomas ivi. jesseii ei at. _ 
1^^.: Not Yet Known 
31 August 2001 



\vn n'>/lK^J^ Tiile:,GENETIC DEMONSTRATION OF Pi-X/I iQni z-^^-^^r 

WO 02/18.^4? REQUIREMENT FOR NKXC.i, NKX2.2... PCT/USOl/272.^6 



7 of 22 



7/22 



Figure 7 



1 

61 
121 
181 
241 
301 
361 
421 
481 
541 
601 
661 



cgtgggatgt 
agccctcccc 
gcgtatcccc 
tcgccctccc 
gggctctcat 
aacaatat cc 
tcgccctccg 
gccgccgcgg 
ggactgccac 
cccagcgccg 
ggccggacgc 
ctggcctgta 



tagcggtggg 
tggccgccct 
cgctgcctgc 
cgcctctggg 
ccct cggcag 
t gagccggcc 
gtt cctcctc 
ctgctgccgc 
gctttagcag 
cggccgtggc 
ccatcttctg 
cccctcgt.ga 



ggcaatggag 
gcacagcatg 
cggccccccc 
cacccacaac 
CCCCccgcag 
ctccatgccc 
ctcctcttcc 
ggccgcagcc 
cctgagcccg 
cgccgtgggc 
gcccggagtg 

gt 



ggcacccggc 
gccgagatga 
tcctcctcgt 
ccaggcggcc 
cagctct egg 
gtggcctcgg 
tcgtccgcct 
gccgcctcat 
ccgccgccgc 
cggtacccca 
atgcagagcc 



agagcgcatt 
agaccccgct 
cctcgtcgtc 
t gaagccccc 
ccgccacccc 
gggccgccct 
ctgcctcctc 
Ccccggcggg 
cgcccgggct 
agccgctggc 
cgccctggag 



cctgctcagc 
gtaccctgcc 
gtcctcctcg 
ggccacgggg 
acacggcatc 
gccctccgcc 
cgcctctgcc 
gctgctggcc 
ctacttcagc 
tgagctgcct 
ggacgcacgc 



Applicant: Thomas M. Jessell et al. 
U.S. Sejii^No.: Not Yet Known 
InlM FilP^ 

WO 02/18545 Title: GENETIC DEMONSTRATION OF PCT/USOl/27256 
REQUIREMENT FOR NKX6.1, NKX2.2. 

8 of 22 



ant: Thomas M. Jessell et ai. 
eiaakNo.: Not Yet Known 

ili^Date: 31 August 2001 ^9 



8/22 



Figure 8 



1 tcacagatca aggatccatt ttgttggaca 
61 ctttttccgg acagcagatc ttcgccctgg' 
121 cggggcccga gagggctcgt ttggcctatt 
181 tgagt 



aagacgggaa gagaaaacac acgagaccca 
agaagacttt cgaacaaaca aeatact-tgg 
cgttggggat gacagagagt caggtcaagg 



t 



rtppiicam: i nomas ivi. jesseu ei ai. 
U.S. Seij£»[ No.: Not Yet Known 

ImM Fit _ 

WO 02/18545 ™^'- GENTTiC DEMONSTRATION OF PCT/USOl/27256 
REQUIREMENT FOR NKX6.1. NKX2.2. 
9 of 22 



:am: i nomas ivi. jesseu ei ai. 
Jei^lNo.: Not Yet Known 
i^pOate: 31 August 2001 

ENETIC DEMONSTRATION OF 



9/22 



Figure 9 



1 cctcaggtct ggttccagaa ccgccggacc 
61 gccacggcca agaagaagca ggactcggag 
121 gaggaagagg acgacgacta caataagcct 
181 acgcagctgt tgaagaagca caagtccagc 
241 gcgtccgagc cggagagctc atcctgaacg 



aagtggagga agaagcacgc tgccgagatg 

acagagcgcc tcaagggggc ctcggagaac 

ctggatccca actcggacga cgagaaaatc 

agcggcggcg gcggcggcct cctactgcac 
ccg 



cam: Thomas M. Jessell el al. 

No.: Not Yei Known VIk 
-iHf Date: 31 August 2001 w 



Applicant: Thomas M. Jessell el al. 
U.S. S| 

WO 02/18545 cL^TirDEMONsV^^^^^^^ , PCT/US(H/27256 

REQUIREMENT FOR NKXO.l, NKX2.2. 
10 of 22 



10/22 



FIGURE 10 





P2 

pMN 



wo *»2/18545 



Applicant: Thomas M. Jessell et al. 
U.S. 

-Title: GENETIC DEMONSTRATION OF PCT/USOl 727256 

REQUIREMENT FOR NKX6. 1,-NKX2.2.. 
1 1 of 22 



licani: Thomas M. Jessell et al. 
. .^^I No.: Not Yet Known 

Date: 31 August 2001 ^9 



mil 



FIGURE 11 



ii 



III 



H 



H 



H 



B N N B 8 



tau-lBCZ SPGKllOO 



B 

J- 



N 



A8 

J-L- 



— Prob« 



BS 



tau4acZ SPCKnoo 



+/+ +/- ./ 
6.0 kb lif M 

•i : &: ^f: 
2.9 kb ''/ '^-^ 



AB 

I ' 



Nkx6.2 +/- 



Nkx6.2 -A 




wo 02/18545 



Applicant: Thomas M. Jessell el al. 
U.S. S^/k No.: Not Yet Known 
IniM Fil^Dale: 31 August 2001 

Tiile: GENETIC DEMONSTRATION OF 
REQUIREMENT FOR NKX6.1, NKX2.2... 
12 of 22 



PCT/US01/2725r> 



12/22 



FIGURE 12 




Obvl Nkv6.2 


Dt>*1 Pox7 


Dbxl NkxG.1 


NkKd p.gal 


Obvl ({-gal 




n1 Evxl I Enl p-gal | Evx1 p-ga 




Evx1/2*cells 
En1* cells 




wo 02/18545 

FIGURE 13 



13/22 



i^ppiiuuiii. I uuiiias jvj. jesseij ei al, 
U.^^erial No.: Not Yet Known 
In^Pling Date: 31 August 2001 

Title: GENETIC DEMONSTRATION OF 
REQUIREMENT FOR NKX6.1. NKX2.2 
13 of 22 



X 
2 





CN4 
X 








£ 








03 




U 




or 



wt 


Nkx6. 1 +/- 


Af/cx6. r -A 


' • ^^ -.^^ 'r^i* * * 


-^•Sj TR^?:^f '* 

■■■■■ Mlt^r^ 


' i '■ 




Dbx1 Nkx6.2 


Dbx2 Nkx6.2 


Rax7 Nkx6.2 




mNkx6.2 


Lim3 


HB9 


ChxIO En1 



Chx10 Evx1/2 








wo 02/18545 



i^ppiicaiu; i nuiiidb ivi. jcyseil ei ai. 

U.S^erial No.: Not Yet Known 
Int'^Png Date: 31 August 2001 
Title: GENETIC DEMONSTRATION OF 
REQUIREMENT FOR NKX6.1. NKX2.2 
14 of 22 



14/22 



Figure i4 



PCT/USOl/27256 



E 





wt 




Nkx6.1 '/' 


Nkx6.2 +/- 


Av/txe.-/ -/- 

Nkx6.2 


X 

2 

X 




m 

^ . ■ ■ "■ ; 


-•V,.. If . ?vr^ . .. ... ^ . 7 ■ J 


C 


D 

.# ;-r» • 


E 

• 

• • 


CD 
X 






H V 




J 



Nkx6.1 V- 



A/;cx6--/ ./. 
/7;cx6.2 -/- 




N e10 Cen/ical 

"^^^ - A E3HB9+ cells 
so 



60 
50 



elO Lumbar 

B HBO-*- cells 



100 

80 



e12 Cervical 

^ ES lsl1/2+ cells 

m 



wo 02/18545 



rtppucani: iiiurnas ivi. jesseii ci ai. 
U.S. Serial No.: Not Yei Known 
Im'I F^^Daie: 31 August 2001 
Title: GENCTIC DEMONSTRATION OF 
REQUIREMENT FOR NKX6.1, NKX2.2... 
15 of 22 



% 



PCT/ljSOl/27256 



FIGURE 15 



15/22 



wt 


Nkx6.2 '/- 


NkxB.I -A 


Nkx€.1 -/- 
Nkx€.2 +A 


Nkx6.1 '/' 
Nkx6.2-/- 




40 

O 20 
O 

6 10 



■ Evx1^ cells 
t%1 En1+ colis 
I I Chx10* cells 




-IS^slP'- 





wo 02/18545 



Applicant: Thomas M. Jessell et aL 
U.S.^fcal No.: Not Yet Kjiown 
. IntM ^m^g Date: 31 August 2001 
Title: GENETIC DEMONSTRATION OF 
REQUIREMENT FOR NKX6.1. NKX2.2... 
16 of 22 



PCT/ljS01/2725r> 



FIGURE 16 



16/22 



Dbxl Evx1 



Dbx2 Evx1 



CM 

a: 



Sufnmiiry 



NkxO.I'' NkxO.1-^ 
Nkxe.r^ NkxS.2""" 















> 










o 








Isl: 








Applicani: Thomas M. Jessell et al. 
U.sH^ial No.: Not Yet Known 
, Int'lWing Date: 31 August 2001 
WO 02/1 8^4^ jitig. GENETIC DEMONSTRATION OF 

REQUIREMENT FOR NKX6.1. NKX2.2... 
17 of 22 



PCT/U SO 1/27256 



17/22 




licant: Thomas M. Jessell et al. 

•a! No.: Not Yei Known 
g Date: 31 August 2001 



Applicant: Thomas M. Jessell et al. 
U.S. 

IntM flPRg Date: 31 August 2001 
WO 02/18545 ' Tiik: GENETIC DEMONSTRATION OF PCT/USOl/27256 

REQUIREMENT FOR NKX6.1, NKX2.2... 
18 of 22 



18/22 



FIGURE 18 



1 aagcttggcc tgtctgcacc cagcaccccc gggtgtcctc ctgggagggc tggaccttgt 
61 ctcttggcag caccgtgggg ccctcagagc cctccatcta gttccgggca gggcagggcc. 
121 ccttcccaac accatcggct gcctctggtc actcccaccc aggggcacag ggaatctctg 
181 aacacccctt ccctggggag caggaagact tgaaacctcc ttggccaggc cagggcggtt 
241 tctactgtgc ccaccagacc cccaggctaa gccagcaggg agactggaag gcccagtgtc 
301 cagcccctgc cctgcctcag ggtggctgct cgccctctcc cctcccaccc cacctggaca 
361 gcctcggtcc tcagggcgct gtanggagtg aggcacctgt gggatggagc ctcagcgtgg 
421 gtgggagaga tgctgcaggg cccaggtgcg gagccgcgtg tgaacgggca ggcggcccgc 
4 81 agcgtctccg tcacgagaag gaagtggatg ctcgtgacaa cagaagaact cggttcgggg 
541 gaagaacttg gttgttcagg ggaagaactc ggaccattct ctgtgtgtct ctctctgtgc 
601 tttcggtaag tgctgctccs ttggctgctg catttacaag tgacttttaa agaacagaag 
661 ctggaaggaa acctggggct caggattcag ggagggggcc ctgcaaggtg ggaggggccc 
721 ggccagggcc caggctgtgc aaggaacttc aggcccagtg aagctagagg gtccacaaag 
781 gctgggcagg ggccaccctg aaggggtgct cagagagttc aggcaagctc tccctcccct 
841 gccatccagg tcctcccagc ccctgccctc ttagcccccc ttcagggcct cctcaacccg 
,901 cgggtgttcc agattccaca gcctggccca tatcttccag ggagagtgtt cgggtgcccg 
961 ggcacccact gtggccccac cccagcttca tcaaagcctc cctccctgtc ctgggccaht 
1021 cggcctgggg aaaagcggca ccctctcccc agagcctgat cctccamttc atgtggacct 
1081 gtaggtgttg gcaagtgggc aagaggccgc catagcctgg gaagaggggg cacctggacg 
1141 cc'ccac'ctac agctgggtac cccaaaagct gccgggctct acctggacac cctccagctc 
1201 aggagatggg gtggggttga gtttggtcta aacagcaaga cctcaggctc agctgggaaa 
1261 tgccacggcg ccaggcccca catccagcat' gtcctgtggc tcagggttcc tggaggcacc 
1321 tccacagtac ctgctcctcc cggtgggaag tcaggtgcgc ggtcctccct ctccaacccg 
1381 cacccgggct ctgaaaattg ctctgaggcc tgcagctgtc acacttgcgt tcattcaccc 
1441 acccagcagc atgaattcag tcctggaggc gcccagagga cagagcccct gcatccatcc 
1501 atgtcctgag caaggtggcg aggaggcgga catcagacac atccactaat gccttcggca 
1561 gggggccagt gccaagaggg gcagccgtgc tgagtgggag tgtgggggct gcaccagacc 
1621 gggtggccag ggaggcgtcc ctcaagctga gaccgcgtgg aggaggtgag ccctgtgaag 
1681 tgggggggca gagtggccgg ggtgggtgag cctgggggcc acgaggggac cagtggaggg 
1741 cctggcaggc atgggatggc attaggtgga aacaggtgga ggtggagact cgcgatctct 
1801 gaaataaagc cgctgctagc aggctggtgc tcagcaggca gtgctggaag tgtgagaagg 
1861 ggccaggcta ggccaggatg aggagtggag cctcctctgc ccacctaggg gcgtcaactc 
1921 ccacccctgg gcggtcccca ccccagccct cagcgctcat ggcctttcag acccggctgg 
1981 gtccatgagc ccagtgggac gccggggctg cctggctggg atctgcgcct gcctcccagc 
2041 cctttcccgc tgccctggca gggctgcccc cagagggcac gggagatggg gttggggtct 
2101 gtcctgcgtg ggaggcaggg ccccttcgag ttgtgttgtg gggtggggtt ttctc.tagcc 
2161 ccccttcccc ttccagcaat tccagagcgt cctggtgggc tcctctgttt ccaagcaaca 
2221 gaaggcaccc cgcctgggcc cgggctcctg ggggtcctgg taaccccacg ccgctgcttc 
2281 cgtgggtggg gcccacagag gggtcccttg agtcatcttg ggcctttttt ggttctttgg 
2341 tcatgaggac cccagggagg ccccgtctgt gtctggaatg cctggtgcgg t-taccttgtc 
2401 aagcctggag aggccgggaa tgcgctcact tcgggaaaaa agacaatgca gggcctttgc 
2461 cgggaactgc taggagaccc ccggcctggg ggcgcggtca gggcgggcag cttggcaact 
2521 cgcctegggc tgcgcgggac aagtcacctc agtgataaat cagagtttgt gaactctatg 
2581 gcctgggcgg ccgaaggcga acgcaggctc cttccctctg tggagttccc ccgtcgcccc 
2641 tcagccccca gcgcggggac accggggcct argccggctc tccttccggg ccgacacccc 
2701 cgccgtcctc .cccgtcgccc gctcccctgc agacgccgcg ggggtgccgg gggagcgcgt 
2761 ttgctgctct gacccgcccg cgcccgggcc ggagcccgct gcgttcacgg tgcacccccc- 
2821 ggacagcccg ggcgcggtaa gsgccccaca aatacaggct gaacgagtaa aacaaacttg 
2881 aatggcctct gccaaaaccc gcgctctcgg ttttccarcg cggagcgttc gcgccgatgc 
2941 cggcagcctt cctcgcggga catctgctcg cgggccagga ggtggcatcg cggacctctc 
3001 caggcegcgg ggccgccggg cggcggagcc caggcaaaga catcgcggtc kgaggcgctc 
3061 ggaccttccc gggaggaggg ggagttgcct cggtggtttc cgagagqgcg gcaccggggg 
3121 acgcaggaga aaaggtgcgg gcgggggccg gagaggggac ggggcccgga gtgggcgccg 
3181 ggaagcgtag gaggtgaagc caccggaccc acgcgcagct cggcgaggag gagggcggga 
3241 aagcgcgtgg ggcgcaggcc ggggagccgg gtaggacgcg gcacctgcgg agcgcgccaa 
3301 gacttccacg gcttacaaga acgtgggaga gggacccccc cttacccggc tcctctgcgc 



Applicani: Thomas M. Jessell et al. 
U.S. Serial No.: Not Yet Knoi|^ 

Int'l Filing Dale: 31 August 

Tiile- GENETIC DEMONSfkATlON OF 
REQUIREMENT FOR NKX6.1, NKX2.2... 

19 of 22 



% 



PCT/lJSOl/27256 



19/22 



FIGURE 18(CONT.) 



3361 

3421 

3481 

3541 

3601 

3661 

3721 

3781 

3841 

3901 

3961 

4021 

4081 

4 14 1 

4 201 

4261 

4 321 

4 381 

4 4 41 

4501 

4561 

4 621 

4 681 

4741 

4 801 

4861 

4 921 

4 98-1- 

5041 

5101 

5161 

5221 

5281 

5341 

5401 

5461 

5521 

5581 

5641 

5701 

5761 

5821 

58 81 

5941 

6001 

6061 

6121 

6181 

6241 

6301 

6361 

64 21 

64 81 

6541 

6601 

6661 

6721 

6781 

6841 

6901 

6961 

7021 

7081 

7141 

7201 

7261 

7321 

7381 

74 41 



ccccaactca 
cagccagtga 
gaccgggggg 
atgtttcctc 
cegaagagcc 
tcctgggcct 
ccgcagagtg 
ccccccggcc 
ct cgccttgg 
cctccgaggg 
ggggtt cccg 
aa tcccaatc 
gcggggctgc 
ccggcggccg 
aggagcg'gcc 
gaggggggcg 
cgcggcacag 
ccacgagccg 
ccacagacgt 
gcccggtctg 
cggccccccg 
gttcgggccc 
gggattcgcg 
ccccagcggg 
ggacccgcct 
cggcgaaacc 
tggact cgag 
cc gc eg gcgt 
tgggacgcgg 
aaat ct gcat 
aaacctt tgc 
arcggagcga 
cgcggccggc 
t ccgcagcca 
tcccgcgcgg 
gccccgcgcc 
cccgcccggg 
cggatgggag 
cgtgctgagc 
gttcccctac 
cgcgcagctc 
cgcggcgggc 
cggcgtttac 
gctgccgggg 
cccgcgt ctg 
gagggggacc 
cggcgtcctg 
gatcttcgcg 
gcgtctcgcc 
cgggagagca 
cgcggccgcc 
ggcgcaagcg 
agaagct gaa 
accccaact c 
tggcgctggt 
gggggcgaat 
tatcatcaat 
cgtgtttctt 
ctgcgcccgc 
cgaggaggcg 
gccgccagga 
gcctcggggc 
cgcctcgagt 
tcgttgccac 
gtccctctgc 
t ctgatccgc 
agcagttt ct 
ggcggggcct 
gcaagcgccc 



ccctggcccc 
cacgccagcc 
cgcagacaga 
agc'cataaaa 
egagcctgt c 
cagtt cggga 
ggggatccca 
ccgcagttcc 
ggtgctggga 
agcggggcgc 
gg'ccaggct c 
ccagtcgaat 
acctcagtcg 
caccactgcc 
gacggcgcca 
agggggcgga 
gcccgagaga 
tgggccacag 
cggagcgttt 
cgggatggat 
cgcgcgtcta 
tcgacagggc 
aqaggcggcc 
agacct ggag 
ccccgccccg 
agaggcagct 
gcccgcgt cc 
ccgctgccgc 
gccgggactc 
tctttccgtt 
ctaact acac 
atttacagcc 
gggggcgcgc 
atcagcgcgc 
cgccgct ccg 
ggagccgccc 
ccgcgcgcaa 
cccgggccgg 
agtgccccgc 
gcgctgcagg 
ccQCtcggga 

ggcggcct cc 
ttcgggcccg 
cgcccgccca 
gctggcccgg 
ccgccgcccg 
gacaaggacg 
ctggagaaaa 
t actcgctgg 
gagccggggg 
tgaccgcccc 
gcacgcggcg 
gqtgggcggc 
ggacgacgag 
cagcccgtgc 
ctatttttgc 
aaattattt 5 
ccgtctcgaa 
ctcgggtcct 
gcgaaggcgc 
gcccgggrcg 
ggattcggac 
ccccgcggga 
cggccacccg 
gcat cagcgg 
tgcacggagg 
tcccaactag 
cccctgggt c 
agccgggcgg 



t catcccgcg 

ccacccqcga 

cccacggttt 

cagcgct age 

ccgagcgccg 

gacccgcacc 

gggccacagc 

cgcgt ctcag 

ggggcccgaa 

aggacaggcc 

cgcgggggcc 

cgagt gcgca 

agccggaaag 

ccggagtttg 

agt ccccgce 

cctgagaccc 

gcccacgcag 

ccacagccgc 

get cgcggcc 

gagcgagcgg 

aggccgcgtt 

ttccgcgctg 

cgt ggccgaa 

gccgat gacg 

ctcccgcctg 

ccgtgcgagc 

tccgccctcc 

t cacacccac 

t tccccgagt 

aataaaatac 

t cccat ccaa 

cgggaggcac 

gggcgggggg 

gcgecgcgcc 

accggccccg 

gcccgccccc 

actt cccggg 

cggcggcggc 

t ggccgcgct 

gtccggccgg 

ccccgcacgg 

tgcgggggct 

cggccgctgt 

t ctt ctggcc 

gtgagtggcc 

ctgacct ccc 

ggaagaagaa 

ccttcgagca 

gcat gaccga 

cccgcgt act 

gtccact ccc 

gagatgacgt 

t cggacgcgg 

aagat cacgc 

ggcg.gcggcg 

agaet ccggg 

a cgggt cccc 

cccggagcga 

ccgggtt ccc 

a gggaacggg 

gKigccgggga 

gcgcttgggg 

ggtttttctt 

t tcccgct eg 

a tcccat agg 

ccct t cggtc 

gaccgcaaag 

acgcggggtc 

ct cgggggac 



cccctgagcc 

ccccacgegt 

at cggoccgc 

gacgccccct 

ctt cctcccg 

cctcccggcc 

agcccccgcc 

etcagagcee 

cecgacccgg 

ggggccggtc 

gatcaccggt 

gtcgacgggg 

ccgccggggc 

gccgcaggtg 

tcgacctgce 

cggccccgaa 

cggcgttccc 

cccgtgtccc 

gcegtgegcc 

ct cceggt gc 

tctgccgctg 

aggccgtcct 

gtcgtgggcc 

gggaagtgcc 

ect cactcct 

ctcgcccggc 

tgtggccccg 

cccagccacg 

ggggcgct cc 

gttctegtat 

gcgggatt t a 

ctgccgcgct 

ggggcgccgg 

ccggcggagc 

ggagccgccc 

cgcgceccgc 

ccggcgggce 

gcccatggac 

geacaacatg 

ettcaaggcg 

cat cagegac 

gececggct c 

ggcgcgcggc 

cggcgtggtg 

cgcgeggggc 

t cccttcccc 

gcaetcgcgc 

gaccaagtac 

gagceaggtg 

gcgaacggcc 

aggtctggtt 

cgcccaagaa 

aggacgacga 

ggctgct caa 

egcgggacgc 

ggcggccccg 

gtcggagccG 

ggcggcccct 

ggt gcgqasg 

cccggeecgc 

cggagcagca 

gtt cccgaaa 

cttccgtttt 

gccgagggct 

eccgecet gg 

accatcecgc 

agaaat ccga 

agggagccgg 

ccotcttcct 



ctggagagcc 

tccctcggca 

agcgcagcgc 

gccccgccce 

ccgttccgcc 

cgcccagggt 

cecaact ccc 

gagcctt ggg 

gagggecctt 

tcggggccgg 

ggggcggccg 

gaagcgaacc 

agccccgagc 

gcttttccaa 

caaaacgaaa 

ccccgggcgc 

tgcgcacaga 

taaatcaata 

gggctcggag 

cgtgggggcg 

cgcccccagc 

ggt ctcjtgtt 

caggtcacat 

gagccgcgcg 

ccacegcgcc 

cgtgaggccc 

acct gcccgg. 

ggeggtiggag 

gagcgcgcgg 

tttttcctga 

ttt cgtcccc 

aatgggccc.t. 

ccaatggccg 

ccccgttatc 

ccgccgccgc 

gccccgcgct 

ggggcggcgg 

act aaccgcc 

gccgaga tga 

ccegcgctgg 

at cctgggcc 

aacgggct eg 

taccccaagc 

cagggcgcgc 

gtgcggggeg 

t cccttgcag 

ccgacctt ct 

ctggcgggcc 

aaggtgagcg 

ceagcgccag 

eca gaaccgc 

gaagcaggac 

cgaatacaac 

gaagcacaaa 

ctt gtgagga 

ggtgggcgcg 

tcgctccgga 

ccccggcccc 

ctgcgggcce 

gggaaggaac 

ggt accgccc 

gggcgggtga 

cccgctttgg 

tcgctctgat 

get cagecgg 

cagatcttcc 

aat aat tccg 

aggccccct g 

gccctgaas t 



gcgcgctccg 
gcccagggag 
ctccaggtcc 
tccaggctgt 
cgcgcgcgcc 
ctgcccggcc 
cct gcccgcc 
cgcgggcgcG 
cctcgtgtct 
acgggcgctg 
cgcccaatcg 
ccccgt gaac 
gcgcacacac 
gccgccatcc 
acggacgctg 
cgccttcctc 
ctcgggctcc 
cgagacgtca 
tcetctcacc 

ggggggacac 

ccgcacccac 
ctcccggccg 
cctgggggac 
tgtggtcccg 
ggccgcgtigt: 
gtggattccg 
agcgcgttcc 
cagtc^cgac 
gcgggtcctc 
tttcgcatga 
ggggagataa 
tcotggagtg 
gaccgcgggg 
agcgcgtccg 
ccgcccgccc 
gcagccgacg 
cggcggggcc 
cgggcgcgtt 
agacgtcgct 
ggggcct.ggg 
ggcccgtggg 
cgtcgtccgc 
ccctggccga 
cct ggaggga 
ggtgggcgcg 
ccccggccgg 
cgggccagca 
cggagcgcgc 
cggcggggct. 
ccccgggccc 
cggaccaagt 
tcggacgccg 
cggcccctgg 
ccct cgaact 
cccgcggggt 
agt cgctttg 
gcctgcgccg 
ggcttcgccc 
cgggcaggcg 
cgcagcgaca 
ggcccgcct c 
gccgcgtacc 
ggccacgtac 
tatttccaaa 
tggaaccggg 
cgcggt ggaa 
cccgcggagc 
ggcaaggccc 
gccgccagct 



Applicant: Thomas M. Jessell et al. 
U.S. S^k No.: Not Yet Known 
IniM Filmg Date: 31 August 2001 

WO 02/18545 Title: GENETIC DEMONSTRATION OF 

REQUIREMENT FOR NKX6.1. NKX2.2... 

20 of 22 



PCT/llSO 1/27256 



20/22 



FIGURE 18(CONT.) 



7501 
7561 
7621 
7681 
774 1 
7801 
7861 
7921 
7981 
8041 
8101 
8161 
8221 
8281 
^8341 
8401 
8461 
8 5 2.1 
8581 
8641 
8701 
8761 
8821 
8881 
894 1 
9001 
9061 
9121 
9181 
9241 
9301 
9361 
9421 
9481 
9541 
9601 
9661 
9721 
9781 
9841 
9901 
9961 
10021 
10081 
10141 
10201 
10261 
10321 
10381 
1044 1 



ccgccggggc 
cggggctgcc 
ttaaatgtaa 
ttaaagggaa 
tctt t acaag 
agct cagagc 
tttt aaaatg 
tcctctcaat 
ttctaatgag 
ttcaaaggtg 
ggtcaatttt 
acagctgaaa 
cgacacggac 
tggt agtatt 
tgtagtgttc 
ctaatcacct 
tgacatgggt 
.tt.tttatata 
tttctcccat 
agacagacaa 
catt cagttc 
cgtgctgtgg 
tgtgttgatg 
cctgtgcgtt 
ttttaaaaag 
t gtgattcaa 
agacagaccc 
tcggcttccc 
gggggtctct 
agtctacggt 
atttaaaaaa 
gaggt at gtg 
tctagcaggt 
acggctacag 
tcactgcacg 
tcggaaggcc 
staggtgaca 
catgaggatg 
ggcgt cct ca 
cttaaagaca 
aacctcctgg 
gttgtccgac 
ctgcatcggt 
gaaat ca cca 
cacgtagccc 
gaccagattg 
aatcaccacc 
gcgaaactt c 
qccagcgacc 
ctcatgaaga 



tgtgactgcg 
matccgctgc 
at aatgatat 
atagaaaggg 
gaagcaactc 
agaggggctt 
ttgagggata 
gaacggctta 
cttgatctca 
gcaggagaag 
attgcttagg 
cccgcggggc 
ctgtgctt cc 
tatcccacac 
taaagtaaaa 
tctaatgctg 
tgt ctgtagc 
cagcccat gt 
gatattattg 
acggtttaca 
ttaatattac 
ggccgatttt 
gacacacagc 
catactggaa 
tatatattta 
aaaccat gtg 
ccttgccatg 
cagcccctgg 
gtgctgaaga 
acagaccctc 
aaaaaaaaac 
gggctgct cc 
ggcgcttggg 
ggaggct cac 
acacaacact 
aggaacacgg 
accttctcct 
cggt cacacc 
ctgt acgggt 
gacaact cct 
ttgaagtagt 
t cacgaaata 
ggtttt gctg 
aat acaaagt 
agtgccttgt 
gaagcat cat 
t cgtccggat 
tccttctcca 
tttctatact 
aaat aaaagc 



gctgacaaaa 
awctt aatgg 
cactgcggtg 
cttaaact eg 
gaagggcaga 
cttaaagttt 
aatcctttat 
gtgttttgtg 
aataaaggct 
ggaaaggaag 
aaccagaccg 
ggactccgtg 
accaagaaca 
aaacacccag 
at caataaaa 
tacttactgc 
ggagcaat ga 
-taaaagcagt 
ttgtaacgta 
aaatt cttaa 
acagaagaac 
acccacgatg 
tgagctccta 
agtatattta 
tatatattta 
acacggcgca 
ctcagggcca 
acacacctcc 
agcccctcca 
tttgctgtct 
caatatttct 
ggaatggt cc 
cgggttct eg 
gaagtgtcct 
tgtgcacatg 
gcttgt ggtc 
cgctctccga 
aggctgggca 
agctgggagg 
t gtcaaact c 
cgaagagttt 
tgagctt cac 
agagcgtctc 
aggaaacctt 
gccggatt cc 
ggaaaaga tg 
gaagcctt tt 
gcatgggcgt 
tcttagcttt 
tt 



cccctccarc 

gcgtggctgt 

gtacgatttc 

gcgcgttttg 

agcaacgctt 

tgaggaaggc 

tacagtagaa 

acagcgtgtg 

atacangagg 

aaaaagcaac 

gtcacttcca 

ttgaaccgcg 

gattccgcag 

ctaatgcctt 

acatacattt 

tataggagaa 

ggaaat gt ac 

t-tctat-tgga- 

ggatacttgg 

aaggtacacc 

ggcat gggag 

gcgaggccat 

gactccaatg 

gcataagttt 

tatatatata 

gagt cagt gc 

cgctgccggc 

acctggcaga 

ctggcaat ca 

attagagttt 

actt aatgtc 

ggaggctgaa 

atgcagcttt 

ctcgtggcgc 

ggcatgaggt 

tcccatgcag 

ccgcagcacc 

ccgggtgttc 

gaacgagatg 

caagagcgcg 

cttttctaac 

cacttcattg 

cacgacagac 

ctcgaatcgc 

cgagtacacg 

gat att cacc 

cttgaccatt 

gctctctaag 

aaagt caaac 



ct cccgcarc 

tgagttttaa 

tcttggcatt 

ttttaggctc 

tt ctgtgggg 

aaagcgttga 

agtccaaaag 

at acagtgaa 

ccgctcccct 

acggggacta 

aaggcccctc 

gacagcggca 

cggacagcag 

caccccggtc 

gtgtttcatc 

aaatatttgc 

agttttgttt. 

a g caaac t a g- 

caccataaaa 

caggctagct 

taacggcccg 

gtgtgttttt 

ccgcctgctg 

tggtaagatt 

aaaatggaaa 

cgcggaagga 

cggcagaggg 

gggggtccct 

ttaaaaactg 
tgacaacagg 
acatagacag 
gcgaagtgtg 
caagagtgcg 
tggcatctct 
ttacctgccc 
acgttgggcc 
agctccttgg 
at gtactgct 
t ccagttcat 
gtgccgttgt 
tggagcataa 
gtgtcggcgg 
tt ggaat cca 
tgat caatga 
gaagggcttg 
aagt caaagg 
tgcactcggg 
gt at ccgagt 
t ggt agatgt 



ct ctgttggc 

tttttaaaaa 

tgcggaagcg 

ttagcagcct 

agcccctctc 

tat aatcccg 

gctgtgtttc 

att ccagqat 

gagttagcat 

ttt tcaccac 

agaacgacca 

accacagcag 

tcacttgcag 

ccaggaactc 

aacagactct 

aacaaggtta 

ctctttaata 

gctatttcta^ 

cagtaacaaa 

ataaacttca 

ctggtgcaga 

tacgaatttg 

atgggactct 

tataaattat 

gcagctgcag 

gcatcggcag 

agtgcccgtc 

ggacacagtg 

aaaactgtga 

actgtgactt 

acgagacagt 

gggctggccg 

tattcggtcc 

t cccac'cacg 

cgggcatgat 

caatgtggtc 

cagacgggga 

caccctggcg 

acagtctgtc 

tgtctcggaa 

ccttccggtc 

cccggaccgt 

gccggaagtt 

ttctgtccag 

tttcccaggc 

cacagtctgc 

gaagtagtct 

agatctcttt 

tttttaagga 



Applicant: Thomas M. Jessell ei al 
U.S. SerUl^o.: Not Yet Known 
Int'l Filii"ate: 31 August 2001 

WO 02/1 8545 Title: GENETIC DEMONSTRATION OF 
REQUIREMENT FOR NKX6.1. NKX2.2. 

21 of 22 



21/22 



% 

PCT/US01/2725r> 



ON 
r-i 

o 



■P 



(0 c 
Q) Q) 



rH CP >n m 



> 



4J W 
.H >i --H 

CO a <D 

Oj >i'H Q) 
-fU— (Ti— 03- 



4-4 



H CO 

cr -D 
cr cr 

tn 

cr 04 4-1 ^ 

+-4 w 

> CO e 



04 OJ 



o. 



tn 



to ^ no O* 



g ^ -O >J rH 



£ rH ^ C 

c > 4-> to 



x: o. CT> ^ a 

03 cn o. cr^ 

f-l rH 03 4-) ^ 

03 Cr» Cr» > r-H 

to C7> m M 

to D> <-i > -P 

r-i ro M cr-H 



> fO o. w 

4-4 CP-O CD 0) 

(0 > M -M 

crt a 5 e 

M cn 03 r-H C 

c r-i cn CO a. 

4-> -H cr >> T3 

TJ T) > OJ 

e CO > rH a 



CM CO 
»-H T— I CNJ 



-I 



Applicant: Thomas M. Jessell et al. 
U.S. Sed^No.: Noi Yet Known 
IniM FilliP:>ate: 31 August 2001 

WO 02/18545 Title: GENETIC DEMONSTRATION OF PCT/USOl /27256 

REQUIREMENT FOR NKX6.I. NKX2.2... 
22 of 22 



22/22 



+ 

ID 
ru 

+ 
•ir 
-« 

•^^ 
■* 



cn Oj 

CO tJu 



a. 

ID 



u» 

CO 

cn 

o 
o 

Qj 



a* 

2: + 
a: 

< * 

O IT 

Qj 

* 

a* 
tn 

CO 
CO 
CO 
CO 
CO 
CO 
CO 

ryi 

CO 

Oj 

C3 

Ir- 

^ -K 

tU + 

&i o 



Lu 
CO 
CO 

■K 
+ 



CU CO 



Eh 



to U} 



^ to 

CO 

CO 



CO S 

a: uz 



o 



to 

CO 

>^ 
*^ 

CO 

o 
ui 

a 

> 



+ 



•* 

o 
< 

X 
Cu 

^ 

to 

CO 
S 
< 

CO 

> 

< 

CO 

o 
< 

Q 
21 




Uj .Iu 

|-J g H 

(3LI Pu hi 

M l-H H 

o a 

o a o 



^ :^ »c 

cjq u to Eia 

. S O Q Q 

«^ Q Q D Q 

^ CO CO to CO 

Oi cu O4 

O O O Q 

^ ^^ 

c=S 04 cu Pti Oj 

^ fc*: o: 



0) 



0) 

cu 
z 

o 

c: 

o 
c: 



S 



Q 



Hi 
O 



i-l CM CN 

CO - • • 

. vO vO V£) 

>C X X 

^ ^. 

2: ^: s 

E M £ O 



t-H CM OJ 

V£? VO 

^ -V ^ 

s z 



VP 



.-H csj rsi 

ro • ' • 

- VO VD 

VO, X X X 

^ M M ^ 

1 e o 



rH CM Os] 

f*r) ... 

. ^ v£> V£> 

UD X X X 

tx: >j ,y 

z :z 2 2 

e >j e <j 



t-H rsl CNJ 

CO , • . 

. *jO VO U> 

u3 X X x; 

St: ji*; ^ ^ 

s ^ s 

e w E u 



0^ 



c 

0) 
M 

cn 



INTERNATIONAL SEAKCH REPORT 



hitcinational appiicacioii N'u. 
PC!VL'SOl/'J7'25n 



A. CLASSlFiCATION OI- SUBJECT MA lTliK 
1PC(7) :C12N 5/00. 3/0*2. 15/63, I5/S5. 15 /ST 

US CL :+55/+. 3u'5. 365, 3GS, +55 . . -r i inr- 

According to International Parent Clnssincation (IPC) or to boti. nationnl class.n cat.on a.ui 11 C 

B. FIELDS SEARCHED 



Minimum documentat.on searclied (cl.ssification system followed by classificat.or. synibois) 
U.S. : +3S/+. 325. 366. 36S. +55 



Documentation searched other than minimum documentation to the e 
searched 



xtent that such documents are included in the fields 



Electronic data base consu 
Please See Extra Sheet 



Ited during the international search (name of data base and, where practicable, .search terms i.scd) 



C. DOCUMENTS CONSIDERED TO BE RELEVANT 



Category* 



Citation of document, with indication, where appropriate, of the relevant pas.sages 



Rcleva!it to olaim No. 



BRISCOE et al. A homeodomain protein code specifies progenitor 
eel! identity and neuronal fate in the ventral neural tube. Cell. 12 
May 2000, Vol. 101, pages 435-445, see entire document. 

MIRMIRA et al . Befa-cel r di ff eren tiaition "f actor~N^k contains 
distinct DNA binding interference and transcriptional repression 
domains. J. Biol. Chem. 12 May 2000, Vol. 275, No. 19, pages 
14743-14751, see entire document. 

OSTER et al. Homeobox gene product Nkx 6.1 immunoreactivity 
in nuclei of endocrine cells of rat and mouse stonaach. J. Histochem 
and Cytochem. 1998, Vol. 46, No. 6, pages 717-721, see entire 
document. 



1-24 



1---24 



1-24 



Further documents are listed in the continuation of Box C. □ See patent famiiy annex. 



-E" 



Special categories of cited dociiaieuts: 

docnoicut denning the geoeral sU(* of tbo art whicii is oot cousidered 
to lie of particular wlcvaucc 

earlier docnmcul piiblisbed ou or after tiie interualiQual filing dour 

docnnieat «-bicli may tbrow doubts oo prioritj" clainjcs) or n-litcb is 

ciled 10 csuablisb Uie jmbUcaiiou dale of auotber citation or otbcr 
special reasou (as spccilled) 

document itifeiriDg lo an oral disclosure, use. eibibiUou or olber 
means 

document publisbrd prior to tbc intemationni filin- dalr biit later 
ibau tbe priority dale claimed 



later dociiiuc til piiblishrd atler Uir iiilftruationa.1 niiii«' dale ur priori(y 
date aud uov in coiillicl «itb the applicwiou bin ciicd lu midtT»i.nid 
liie principle or tbcory uudcrlying tbc iuvcutiou 

document ot particular rcicvauce: tbe claimed in\-eutioa catiuot br 
cou&tdcn^d uovpI orciuuoi be couaidcrcd lo iiivolw xu iiivriilivc sirp 
vben tbe aocuuicot is taken aloue 

document of particular rrlevaucc; Uir ul aimed iiivrtiUoii cauuol br 
cousidcred to involve au iuvculiv« step «beu tbe docuiuruL i.i combined 
vitb cue or more otbcr s'.icb documents, sucb comb in alien boiug 
(^%-ious to a j»crson skilled Uj tbe art 

docuuicul niembiT ol" Ihr s;iinr pnlnit raiiiily 



Date of the actual completion of the international searcli 



16 NOVEMBER 'iOOi 



Name and mailing* address of the ISA/l. S 
Commissioner of Patents and Trademarks 
Bon PCX 

Washuigton, D.C. 'iO'Jdl 
Facsiniiie No. (703) :i05-3'-iy0 



Date ofntailing of die internationaJ searcii report 

N Z0D2 

1 




Authorized ofilcfr 

ANNR-MARiF. H.YKFU. PH,D 
•jVlepiione No. (TO-'J) ao.s-Oiyr 



Form PCT/ISA/aiO (second slieet) (July iGrtS)* 



8 



INTERNATIONAL SEARCH REPORT 



InttTiiacioiial applitatioii No. 



C (Continuation). DOCUMENTS CONSIDERED TO BE RELF.V.\NT 



Category^ 



Citation ofdocuniciit, with indication, uhrrc nppropri.-iuv of rlu- a-U-v.nnf p.issagfs 



SCTHMTZGEBEL et. al. Expivssiou ol' ueniogeiiin^ j-eveals au 
islet cell precursor populaLiou iu ihe paucreaii. 2000, Vol. 1:^7, 
pages 3533-3542, see eutii-e clocumeut. 



Uclt vaiit ro rlaiiM No 



J-24 



I 

1 



Form PCT/ISA/'ilO (continuation of sttond .vlu-i-t) (.Inly lt)().s)» 



INTERNATIONAL SEARCH REPORT 



liiri )iial applicarion No. 

PCr/L'Soi/ii7'J5fi 



B. FIELDS SEARCHED 

Electronic data bases coiisnUed (Name of data bast- aiifl wliere pracricnble terms used): 



WEST 

Dialog (file: medicine) 

search terms: Nkx6.1. NUx6/i. briscoe. ericson. nibeiistcin. sander, .ston»(\v)ccil. neuron? 



I 

! 



Forni PCT/ ISA/2 10 (extra sheet) (Jnly 199S)* 



